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Abstract
In this thesis, we study the quantum light-matter interaction in polaritonic heterostructures. These systems are made by combining various nanocomponents, such as quantum dots,
graphene films, metallic nanoparticles and metamaterials. These heterostructures are used to
develop new optoelectronic devices due to the interaction between nanocomposites.
Photoluminescence quenching and absorption spectrum are determined and an explanatory
theory is developed for these polaritonic heterostructures. Photoluminescence quenching is
evaluated for a graphene, metallic nanoparticle and quantum dot system. It is shown that
average distance between nanocomposites or concentration of nanocomposites affect the output
these system produced. Photoluminescence quenching was also evaluated for a metamaterial
hybrid system.
Lastly, the absorption spectrum of quantum dots was calculated in a quantum dot and metamaterial system. The metamaterial contained two surface plasmon modes which if in resonance
with excitons of the quantum dot shown an enhancement in the absorption spectrum of the
quantum dot.

Keywords: Plasmonics, surface plasmon polaritons, excitons, nanocomposites, graphene,
metamaterials, quantum dots, metallic nanoparticles, density matrix method
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Chapter 1
Fundamentals
In this thesis we study plasmonics; therefore, the fundamental concepts required to follow the
thesis are introduced in this chapter. The objective of the chapter is to provide the reader with
a short and casual introduction to the concepts, structures, and processes that will be further
discussed in the thesis.

1.1

Plasmonics

Developing nanoscale optoelectronics based on heterostructure used for a variety of applications has been growing in interest. In developing these systems, the study of Plasmonics has
played a crucial role. Plasmonics is the study of the interaction between free electrons in metallic like structures with electromagnetic fields. Free electrons in metals have random motion.
An applied electric component from an electromagnetic field give these free electrons a collective oscillation. This collective oscillation is called a plasmon. Plasmons present in bulk
materials are called bulk plasmons, while plasmons at the surface are classified as surface plasmons [1]. Most research is conducted on surface plasmon, due to the high lossy behavior in
bulk plasmons present in noble metals [2].
Consider a conductor has n number of electrons per volume, each with the mass and a
charge of me and e, respectively. An applied electromagnetic field E = E0 exp(iωt) with an
1

2
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Figure 1.1: Permittivity of metals following the Drude model. Horizontal intercept corresponds
to the metal’s plasmon frequency.

amplitude E0 and a frequency ω induces an oscillatory dipole moment to the conductor, due to
the displacement of the electrons with respect to the ions of the metal. This oscillatory dipole
moment causes an oscillatory polarization P = P0 exp(iωt) where the electric permittivity of
the metal is defined as [3]
m = 1 −

ω2p
.
ω2 + iγm ω

(1.1)

Parameter ω p =

p
(ne2 /me 0 ) is defined as the plasmon frequency. Metallic damping corre√
sponds to γm while vacuum permittivity is denoted as 0 and i = −1. A visual representation
of the permittivity is seen in Figure 1.1. Electric permittivity is zero when frequency is equal to
metal’s plasmon frequency. Note how the electric permittivity becomes negative when the frequency is less than the metal’s plasmon frequency. This will become important in the following
section.

1.2. Surface Plasmon Polaritons

3

Figure 1.2: Schematic illustration of an surface plasmon polariton propagating along a metaldielectric interface. These waves can be excited by an electromagnetic light with E=hv.

1.2

Surface Plasmon Polaritons

Polaritons are bosonic particles which arise from a strong coupling between electromagnetic
fields with an electric or magnetic dipole excitation. Coupling occurs when the two dispersion
relationships of light and the excitation are in the same path of each other and have the same
energy [4]. Surface plasmon polaritons are evanescently confined electromagnetic oscillation
in the perpendicular direction and propagating along an interface between a dielectric and a
conductor. Surface plasmon polaritons form due to the coupling between a conductor’s surface
plasmon with an applied electromagnetic field. Figure 1.2 give a visual illustration of surface
plasmon polaritons.
Consider a simple flat single interface between a dielectric and a conductor with electric
permittivities d and m respectively. Solving boundary conditions for the propagating transverse magnetic solutions at the interface with the components of the wave vector perpendicular
to the interface of the dielectric and the metal kd and km , respectively, yields [3]
km
m
=− .
kd
d

(1.2)

4
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Figure 1.3: Dispersion relation of plasmon polaritons within a metal-dielectric system. The
lower curve corresponds to the surface plasmon polaritons where the limit corresponds to the
surface plasmon polariton frequency. The higher curve indicates the plasmon polaritons found
in the bulk metal, and the lower limit of this curve indicates plasmon frequency of the metal.

Notice the negative sign in the expression above. This negative quantity arises because of
the negatives found in the exponents when solving the boundary conditions (x=0). Thus for
surface plasmon polaritons to exist the real part of electric permittivities must be opposite
signs between materials at the interface. For this reason surface plasmon polaritons only exist
between conductors/metals and dielectric materials. Further solving the wave equations gives
kd2 = β2 −

km2

=β −
2

 ω 2
c
 ω 2
c

d

(1.3)

m .

(1.4)

The dispersion relation of the surface plasmon polariton propagating at the interface, β, is

1.3. Photoluminescence

5

Figure 1.4: Illustration of the photoluminescence process. An initial photon causes an excitation, after some time a photon is released due a decay from the excited state to the ground.

determined by combining equations (1.2-1.4) resulting [3]
ω r  
d m
β=
c
d + m

(1.5)

Solving the transverse electric solutions will show that no surface plasmon modes exist. Therefore, surface plasmon polaritons only occur with transverse magnetic waves. Figure 1.3 is a
graphical representation of the dispersion relation of surface plasmon polariton. In this figure
consider a conductor with negligible metallic damping γm . Notice the two curves, the first correspond to the surface plasmon polariton while the higher frequency second curve corresponds
to the bulk plasmon polariton. The lower curve goes to a horizontal limit which is characterized as the surface plasmon frequency. Most research occurs in near this frequency. Surface
plasmon polaritons can exist in any dielectric-metallic like structure. Examples of metallic like
structures are metallic nanoparticle, metamaterial made with metals, and metallic graphene.

1.3

Photoluminescence

When working with electromagnetic waves precise measuring is required. One method highly
used in research is evaluating the photoluminescence of the system. Photoluminescence is light
emission from any matter after an initial photon was absorbed to excite the state. It is one form
of luminescence. Initially a photon is absorbed which causes an energy transition between a
ground state to an excited state. In quantum mechanics the absorbed photon must have energy

6
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Figure 1.5: A.)Schematic representation of a 2D graphene lattice. Vertices correspond to individual carbon atom. b.) Dispersion relation of a 2d graphene lattice. The Dirac point is the
overlapping point between graphene’s conductions and valence band. The fermi level is above
the Dirac point thus the carriers are electronic like [3].

equal to that of the transition energy. After the excitation process occurs the system goes into
a relaxation phase where other photons are typically radiated out. The emitted energy is not
necessarily equal to the original absorbed photon. The time period between full excitation to
complete relaxation depends on the decay rate which is governed by Fermi’s golden rule [5].

1.4

Graphene

The exploitation of existing material in efforts to develop optoelectronic devices has seen some
large interest due to the numerous potential possibilities. Graphene, an allotrope of carbon, is
considered to be one of the larger researched areas in condensed matter for its exotic properties.
Graphene is a two-dimensional carbon structure composed of a hexagonal lattice where each
vertex is a carbon atom. A diagram of this hexagonal lattice is shown in Figure 1.5A.
Graphene has numerous exotic properties. It has been claimed as being one of the strongest
materials in the world [6]. Other physical properties of graphene are: transparency, light
weight, bendability and being harder than diamond, which is another allotrope of carbon.
Graphene has shown to have fascinating electric, magnetic, and heat properties. It is an excellent conductor, much better than copper, and graphene can also be a great semiconductor

1.5. Metamaterials
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Figure 1.6: A metamaterial structure consisting of an array of metallic split ring resonators and
metallic rod. Inset: An equivalent L-C electric circuit schematic of the unit cell.

[7]. Metallic graphene is represented in Figure 1.5B. When the fermi level is above the Dirac
point graphene resembles metallic properties, with electron like carriers. With such properties graphene has been implemented in a variety of research areas spanning from aerospace,
automotive, electronics, sensors, solar, power storage.

1.5

Metamaterials

Striving to develop better optoelectronic devices, and having exhausted possible uses of natural
materials, researchers have come to devise artificial materials for the properties they need.
One type of artificial material researchers use are metamaterials. Metamaterials stem from the
Greek word meta which means ‘beyond’. These materials are developed to find properties that
are not found or are beyond nature. These structure are composed of repeating unit cells, and
compared to the wavelength of the applied wave are much smaller. Thus the applied wave
only interacts with a new homogeneous material that has tunable properties based on both the
composition of the material and of the entirely new structure.
Metamaterials have some of the most unique abilities seen in science. They possess the

8
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ability to have both negative permeability and permittivity simultaneously. This trait has led
to the concept of developing physical cloaking devices seen in fiction, and desired by all militaries throughout history. Metamaterials have been studied since the late 1960s where a Russian
physicist developed theoretical work on both negative permeability and permittivity substances
[8]. However, it was not until recent years groups actually develop these first types of structures.
The unit cells of metamaterials can be composed with a variety of structure and used for
different application such as electromagnetism, acoustics, and mechanics motion. In electromagnetism, there are three popular metamaterial structures. The first structure is composed
of split ring resonators and metallic rods (seen in Figure 1.6), the second is composite right
handed and left handed metamaterials, while the third method is a metallic nano-hole array
structure. Methods consist of interdigital capacitors and shunt stub inductors. In the inset of
Figure 1. 6 consists of an inductance per length Z’ and a capacitance per length C’. Inductance per length can be represented as an shunt inductance per unit length Lr in series with a
capacitance time unit length Cl , while C’ is represented as an inductance time unit length Ll
in parallel with a shunt capacitance per unit length Cr [9]. This is called the transmission line
method used by engineers. Using this method allows researchers to evaluate the dispersion
relation of the metamaterial.

1.6

Quantum Emitters

With our urge to develop small devices, smaller building components must be engineered.
Quantum emitters have been used for the development of new light sources in many fields
such as, optoelectronic devices, LEDs, chemical and biological probes and labels. Quantum
emitters can be single molecules, quantum dots, biological and chemical dyes. Quantum dots
will be prevalently used in this thesis.
Quantum dots are nanostructures that were developed in the 1980s and are now present in

1.7. Density Matrix Method
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Figure 1.7: Splitting energy levels in semiconductor quantum dots due to quantum energy
levels. Band gaps decrease as quantum dots increase in size.

our hi-tech LED televisions. Quantum dots are semiconductor nanostructures where excitons
are confined in all three spatial directions. Typical diameters of quantum dots lie between 10 to
50nm in size, corresponding to 10 to 50 atoms in diameter and a total of 100 to 100,000 atoms
within the volume of the structure [10]. Quantum dots have electronic characteristics, such as
discrete energy states and electronic band gaps. These characteristics are highly tunable due
to the fact that they are closely linked with the size and the shape of the structure. Figure 1.5
illustrates the tunability of these semiconductors.

1.7

Density Matrix Method

In quantum mechanics, experimental physics parameters are calculated by taking the average
of an operator. The density matrix method is used to evaluate the average of an operator. The
density matrix is a matrix that describes a quantum system in a mixed state of a statistical
ensemble of several quantum states [11].
hOi = T r (Oρ)

(1.6)

10
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hOi =

∞
X

hΦn |Oρ|Φn i

(1.7)

n=1

Here the average of an operator O is taken over density matrix operator ρ, with Φn as an
orthonormal set. The density matrix operator corresponds to
ρ = |Ψn ihΨn |

(1.8)

Solving the equation of motion for the density matrix, by using the time dependent Schrodinger
equation and its Hermitian conjugate results in the von Neumann Equation [11]

−i~


∂ρ 
= H, ρ
∂t

(1.9)

This equation will be solve in each chapter.
In this thesis we consider hybrid systems which are made of two or more nanocomposites.
These hybrid system interact with external light and other components of the system. Hence
the Hamiltonian of these hybrids will be presented in their subsequent chapters.
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Chapter 2
Introduction
In the previous section we discussed some fundamental information which will be beneficial
to the reader in order to understand this thesis. Specifically, quantum dots, metamaterials and
the density matrix were addressed in the previous chapter. The objective of this chapter is to
present an overview of the literature works covering concepts discussed in the thesis.

2.1

Photoluminescence Quenching in Graphene Hybrid Nanosystems

There is an appreciable interest in the study of the optical properties of nanoscale hybrid systems made from nanosystems such as quantum emitter, metallic nanoparticles and graphene [112]. Quantum emitters can be a semiconductor quantum dot, chemical dye, graphene quantum
dot and a biological/chemical molecule. Research in optical properties, such as photoluminescence, in these systems has shown great importance due to its applications in optical switching,
biomolecular sensing and imaging [1, 2]. Many groups have studied the photoluminescence
in quantum dot and metallic nanoparticle hybrids [3-9]. For instance, photoluminescence has
been measured in CdTe quantum dots and copper metallic nanoparticle hybrids by Chan et
al. [5]. They found that the intensity of the photoluminescence in the quantum dot has been
12
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quenched due to the presence of the copper nanoparticles. Their results suggested that these
quantum dots can be used as probes for ultrasensitive copper nanoparticle detection. Similarly,
photoluminescence quenching has also been seen in quantum dot gold and metallic nanoparticle hybrids by Oh et al. [6]. Here, they imply that the system can be used for gold detection in
biomolecules. It is known that lead is a hazardous heavy metal and that is also very toxic. Wu
et al. [7] suggested that the photoluminescence quenching mechanism in the quantum dots can
be used to detect hazardous heavy metals, such as lead.

Some effort has been devoted to study the photoluminescence in graphene hybrid systems
[10-12]. For example, Kasry et al. [10] have studied the quenching on CY5 dye and graphene.
Their results indicate this effect was one order of magnitude higher than that of gold. Here
the CY5 dye acts as a quantum emitter. Photoluminescence quenching has also been observed in hybrid systems made from graphene and metallic nanoparticles. Nanoprobes for
silver metallic nanoparticles have been constructed using photoluminescence quenching techniques in graphene [11]. Photoluminescence quenching has been seen in quantum dot and
graphene hybrids [12].

Photoluminescence quenching has been observed in other systems [13-22]. Lui et al. [13]
has studied the photoluminescence quenching between unbounded gold metallic nanoparticles
and graphene quantum dots. Their results show florescence gradually decrease with the increase of gold metallic nanoparticle concentration. Quantum dot and DNA hybrid systems are
used to detect different based DNA [15]. Jung et al. [16] observed that when immobilized
antibodies on graphene oxide captured a virus cell (target) photoluminescence quenching was
detected, which illustrates the use for detection of viruses. Fan et al. [17] prepared graphene
quantum dot-TNT hybrid system, and found photoluminescence quenching when the graphene
quantum dots were in the vicinity of the explosive compound TNT. This system can be used
for ultrasensitive detection of TNT. Composite quantum dots such as CdSe-ZnS have also seen
photoluminescence quenching when in the vicinity of antibiotics [17].
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2.2

Photoluminescence Quenching in Metamaterial Nanosystems

In recent years, optical studies in artificial nanoscale hybrid systems have had great interests
due to the numerous optical properties these systems can hold. One type of artificial materials
which has compelling possibilities are metamaterials. Metamaterials are artificially engineered
structures for which the properties of these materials are partly based upon the original compositions and of the newly designed structures. Research in metamaterials has shown great
importance due to its applications in superlenses, medical sensing, and telecommunication
[23-29]. Large areas of metamaterial research involve exploiting the zero and negative index
of refraction feasibility. Recently, Yang et al. has fabricated an on-chip integrated metamaterial with a refractive index of zero in the optical regime, which is applicable in integrated
optics [23]. The team used a low-aspect-ratio silicon pillar arrays embedded in a polymer matrix and cladded by gold films. Negative index metamaterials have shown interesting results
in deflecting electromagnetic waves, and researchers have developed many methods forming
these materials. Chanda et al. formed a negative index metamaterial by nanotransfer printing
which has shown strong negative index of refraction in near-infrared spectral range [24]. For
negative index materials to exist, the material must possess the ability to have both negative
permittivity and permeability. In noble metals, negative permittivity allows for the existence
of surface plasmon polaritons which play a crucial role in energy transfer, photoluminescence
quenching and other optoelectronic device applications.
Photoluminescence plays an important part in nanooptics research due to the numerous
applications in optoelectronic devices. Photoluminescence has been extensively studied in
hybrid systems composed of quantum emitters, quantum dots and biomolecular dyes, with
metallic nanoparticles and/or graphene [30-34] as seen in the previous section. Matsumoto and
group observed photoluminescence quenching in a system with CdSe-ZnS quantum dots in the
presence of a gold nanoparticle film [34]. They produced a system with a reduced blinking
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and non-blinking characteristics which would prove to be valuable in bioanalytical detection.
Photoluminescence has applications in detecting cancer markers [35]. Her2 and other cancerous cellular targets have been focused by photoluminescence labeling technique from Wu X et
al., using semiconductor quantum dots as florescent labels for cellular imaging. Their results
demonstrated that quantum dot- based probes can be effective in cellular imaging. Another
large area in photoluminescence research has been in systems made with one of the largest interests in condensed matter; graphene [36]. Zeng et al. measured photoluminescence intensity
in quantum dot, gold nanoparticle and graphene hybrid system, and noticed that the photoluminescence intensity of the quantum dot was quenching in the presence of gold nanoparticle
and graphene. The group also studied how the addition of antigens to quantum dot binding
sites decreased quenching effects due to impeding the distance between the quantum dot and
the gold nanoparticle and graphene, indicating a biomolecular marker.

Metamaterials, similar to noble metals, have the ability to form SPPs, thus allowing a
variety of optoelectronic properties in hybrid systems, such as photoluminescence. The work
on these materials has been researched but it has not seen the same amount of research as the
other materials seen above. With such a wide range of exotic properties, groups have started
focusing on photoluminescence properties in metamaterial systems [37-38]. Metamaterials
alone possess the possibility for photoluminescence research. Skreekanth et al. developed
an indefinite metamaterial based on Au/Al203 multilayer structure, for which they found the
increase of Au/Al2O3 layers quenched the photoluminescence [37]. For a more tunable system,
hybrid systems with a metamaterial have also been researched. Krishnamoorthy et al. reported
an enhancement in spontaneous emission from CdSe/ZnS core-shell quantum dot by exploiting
nonmagnetic metamaterial structure [38]. Photoluminescence in metamaterial hybrid systems
have also seen enhancement. Tanaka et al, worked with a gold film metamaterial and noticed
that a multifold intensity increase and narrowing of their photoluminescence [39]. However,
even though there are experiments with these systems, theoretical work is much fewer.
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2.3

Plasmonics in Metamaterial Nanosystems

There is considerable interest in developing nanoscale plasmonic devices, used for sensing, by
combining metamaterials with quantum dots into hybrid nanostructures [40-48]. Metamaterials
come in a variety of shapes and structures. For hybrid system structures to be classified as a
metamaterial, the wavelength applied onto the system is much larger than the unit cell of the
structure. Here, we consider a metamaterial made out of gold comprised of an array of nanoholes. To study the light-matter interaction in quantum dots and metamaterials the hybrid
systems are deposited on a dielectric crystal as a substrate. Examples of dielectric materials
are Pyrex, RT Duroid and PMMA. Without the dielectric substrate, surface plasmon polaritons
would not exist. Surface plasmon polaritons are needed to study light-matter interactions. The
properties of the surface plasmon polaritons depend on the dielectric constant between the NAS
and the surrounding dielectric medium.
Most research on plasmonics has focused mainly on noble metals [49-53]. Research in
noble metal hybrids is concentrated in nanophotonic applications such as integrated photonic
systems [54-57], biosensing [58, 59] photovoltaic devices [60,61] and single photon transistors
for quantum computing [62]. Many applications of noble metal plasmonics are realized in the
visible to near-infrared frequencies.
The problem with the noble metals is that they are hardly tunable and exhibit large Ohmic
losses, which limit their applicability to plasmonic and optoelectronic devices. On the other
hand, metamaterials provide an attractive alternative to noble metal plasmons. Metamaterials
provide the capability to exhibit properties not seen in nature. Optical properties of metamaterials depend on the properties and of nanoscale organization of the atomic composites. This
allows for a much tighter confinement, small Ohmic losses and relatively long propagation distances compared to noble metals. The surface plasmon polaritons in metamaterials can also be
tuned due to the flexibility of metamaterials.
Plasmonic properties of metamaterial systems have been studied experimentally [40-43].
For example, cut-out structures in a thin gold film have been synthesized to study electro-
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magnetically induced transparency for localized surface plasmon resonance plasmonic sensing [40]. Metamaterials consisted of an ultra thin semiconducting layer topped a with solid
nanoscopically perforated metallic film, and a dielectric interference film was fabricated to absorb electromagnetic radiation in the visible range, for a high-efficient solar cell [41]. Similarly,
it is shown that using DNA to design plasmonic metamaterials with tunable optical properties
allows for the potential development of optical circuitry, optical cloaking and data exchange
[42]. Cadmium selenide quantum dots and silver nanogap metamaterials were fabricated to
study the photoluminescence [43]. Finally, metamaterial systems have also been fabricated by
several groups [45-48] to study other sensing possibilities of these hybrid systems. Research
on metamaterial hybrid nanostructures could also lead to applications in quantum computing
and communication as well as numerous applications in biophotonics and sensing.

2.4

Objective and Outline of the Thesis

The objective of this thesis is to study the quantum optics of plasmonic nanosystems, which
could lead to the development of new optoelectronic devices. These nanosystems are developed by combining two or more nanocomponents into one cohesive system. Each nanocomponent contains particular optical and electrical properties. These new cohesive nanosystems
result in unique optical and electrical properties that surpass the capabilities of its individual
nanocomponents. Medical advances have seen great improvements in recent history; however
further advancements have hit an obstacle when developing devices for the nanoscale. The
problem with electronic devices is that they are reaching their efficiency and speed thresholds.
The ambition of this thesis is to study switching mechanisms, similar to those found in the
thesis. These switching mechanisms can be applied to making new optoelectronic devices, for
nanosensing, that can operate at better efficiencies and speed for nanoscale. From our models,
changes in optical responses can be used to detect desired substances or determine optical or
electronic properties. In this thesis, optical properties are theoretically investigated for several
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types of plasmonic nanosystems.
The thesis is organized as follows: In Chapter 3, we developed a theory for energy transfer
and study plasmonic properties in hybrid nanosystems made from two and three nanocomposites. We consider that our nanosystems are comprises of quantum emitters, metallic nanoparticles and graphene. The metallic nanoparticles and graphene have surface plasmons which
couple with probe photons to create surface plasmon polaritons. Therefore, the excitons in the
quantum emitters interact with surface plasmon polaritons via the exciton-SPPs interaction.
Due to this interaction, energy is exchanged between the nanosystems. The second quantized
formulation and the quantum density matrix method have been used to calculate the expression
of photoluminescence and the radiative and nonradiative decay processes in the presence of
exciton-SPPs interaction. We have compared our theory with experiments of two and three
nanosystems, and a good agreement between theory and experiments is achieved. It is found
that the photoluminescence quenching in hybrid systems made from quantum emitter, metallic nanoparticles and graphene not only occurs through the direct nonradiative energy transfer
from the quantum emitter to the metal nanoparticle and to graphene, but also occurs through
the indirect nonradiative energy transfer from quantum emitter to the metal nanoparticle via
graphene and from the quantum emitter to graphene via metal nanoparticle. These are interesting findings and they can be used to fabricate nanoswitches and nanosensors for medical
applications.
In Chapter 4, we developed a theory for photoluminescence quenching of semiconductor
quantum dot doped in metallic nanoparticle and split-ring metamaterial hybrid system, including local fields. The split-ring metamaterial lies on top of a dielectric substrate where within
the dielectric substrate is doped with quantum dots and metallic nanoparticle near the interface. Results show that photoluminescence quenching decreases as distance between segments
becomes further apart, when the excitons of the quantum dot resonant with surface plasmon
polaritons of split-ring metamaterial and metallic nanoparticle. Our results also show that an
increase in direct field distance has a drastic effect on photoluminescence quenching compared

2.4. Objective and Outline of the Thesis

19

to an increase indirect field distances. Consistencies are found between similar experimental
studies and our results. Based on this study, new types of optoelectronic devices for imagining,
sensing, and switching for the nanoscale can be developed.
In Chapter 5, we investigate the light-matter interaction in quantum dots and a metamaterial, composed of a nanohole array structure, deposited on a dielectric substrate Pyrex. A
probe laser field is applied to measure the absorption coefficient in the quantum dot. The probe
laser induces surface plasmons and couples with these plasmon to produce surface plasmon
polaritons. Using the density matrix method, we have calculated the absorption coefficient
of the quantum dot in the presence of exciton-SPPs couplings. When the exciton energy of
the quantum dot is resonant with the surface plasmon polariton energies, the absorption in the
quantum dot is enhanced in the visible range. The enhancement is due to the transfer of surface
plasmon polariton energies from the metamaterial to the quantum dot. Furthermore, when the
exciton energy is non-resonant with the surface plasmon polariton energies, the enhancement
of the absorption disappears. In other words, the energy transfer from the metamaterial to the
quantum dot can be switched ON and OFF by mismatching the resonant energies of excitons
and polaritons. The mismatching of energies can be achieved by applying external pump lasers
or stress and strain fields. These are interesting findings, and they can be used to fabricate
switches and sensors in the visible energy range.
Finally, in the last chapter, we have our concluding remarks summarizing the thesis and
discussing potential future research.
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Chapter 3
Photoluminescence quenching, metallic
nanoparticle and graphene hybrid
nanomaterials
In the previous chapter, a literature review pertaining to the topics and systems studied in this
thesis was covered. In this chapter we study optical properties of quantum dots in a system
with graphene and metallic nanoparticles. Photoluminescence quenching of quantum dots will
be investigated when they are in the vicinity of graphene and gold metallic nanoparticles.

3.1

Introduction

The interest in the study of the optical properties of nanoscale hybrid systems made from
nanosystems has seen large growth for the number of possibilities they can possess. Optical
properties, such as photoluminescence (PL), in these systems has shown great importance due
to its application in optical switching, biomolecular sensing and imaging [1, 2]. Recently,
researchers have studied the PL in quantum emitters (QE), quantum dot (QD) and metallic
nanoparticle (MNP) hybrids [6-31]. As an example, the PL has been measured in a CdTe
25
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QD- copper MNP hybrid [7]. Here it was found that the intensity of the PL in the QD has
been quenched due to the presence of the copper nanoparticles, which suggests that these QDs
can be used as probes for ultrasensitive copper nanoparticle detection [7]. Optical properties
of graphene (GR) nanosystem have been studied [15-18]. PL quenching has been observed
in other systems [18-31]. In one systems QDs and DNA was used to detect different based
DNA [20]. Researchers observed that when immobilized antibody on graphene oxide captured
a virus cell (target) PL quenching was detected, which illustrates its use in the detection of
viruses [22]. Composite QD such as CdSe-ZnS have also seen PL quenching when in the
vicinity of antibiotics [24].
In this chapter we develop a novel theory for energy transfer and the study of plasmonics
properties in a three-nanoparticle hybrid system, made from a quantum emitter (QE), MNP
and GR nanosystems, using a many body quantum theory called the density matrix method.
We compare our theory with experiments of the QE-MNP-GR hybrid system. In this theory
the coupling of resonance energy of surface plasmon polaritons (SPPs) in MNP and GR with
exciton energies in the QE play a very important role. The exciton in the QE interacts with the
SPPs via the exciton-SPPs interaction which has been evaluated in the rotating wave approximation. We used the second quantized formulation and the quantum density matrix method to
calculate the expression of PL and the radiative and nonradiative decay processes in the presence of exciton-SPPs interaction. Maxwell’s equations in quasi-static approximation [32] have
been used to calculate the polarizability of SPPs in the GR and MNP. Therefore, due to this
interaction, part of the exciton energy is transferred from QE to the GR and MNP through the
nonradiative process. This theory can be reduced to hybrids made from two nanosystems such
as QE-MNP, QE-GR, MNP-GR. We compared our theory with PL experiments of QD-GR hybrid [17] and QD-MNP-GR hybrid [18]. A good agreement between theory and experiments
is achieved. It is found that the PL quenching in QD-MNP-GR hybrid occurs through the direct nonradiative energy transfer from the QD to the MNP and GR. We have also found that
PL quenching occurs through the indirect nonradiative energy transfer from QD to the MNP
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Figure 3.1: A schematic diagram of QD-MNP-GR hybrid system deposited on a liquid or solid
material.

via GR and from QD to GR via MNP. These are interesting findings and they can be used to
fabricate nanoswitches and nanosensors for medical applications.

3.2
3.2.1

Theoretical Formalism
Photoluminescence

The goal of this section is to develop a theory of energy transfer and the study the plasmonic
effects in QE-MNP-GR hybrids. The energy exchange between nanosystems can be measured
through PL experiments and an expression of the PL in the QE will be derived in the presence
of coupling between excitons in the QE and SPPs in GR and MNP. A schematic diagram for
the system is plotted in Figure 3-1. We consider that the hybrid system is deposited on a liquid
or solid substrate. The PL process by the QE in vacuum is caused by the energy exchange from
QE to the vacuum via the radiative decay of the exciton energy from the excited state of the QE
to the ground state due to spontaneous emission. However, in the PL process of the QE-MNPGR hybrid system, part of the exciton energy is transferred from the QE to the spontaneous
radiative decay process and the rest of the exciton energy is transferred to the MNP and GR via
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the exciton-SPPs coupling.
We applied a probe laser field in the hybrid system to monitor the PL spectrum. Due to
this external field an induced exciton is created in the QE. Similarly, from this external field,
induced SPPs are also created in the MNP and GR, from the coupling of surface plasmons in
MNP and GR with photons of the probe field. Hence, exciton in QE interacts with SPPs of the
MNP and GR.
We consider that the QE has two discrete electronic levels which are denoted as |ai and |bi
where |ai is the ground state whereas |bi is the excited state. The transition frequency of an
exciton for transition |ai ↔ |bi is denoted as ωab . A probe field E P = E P0 exp(iωt) is applied
between states |ai and |bi. Here E P0 is the amplitude and ω is the frequency of the probe field.
The exciton state decays to the ground state due to the spontaneous emission process and it
is denoted by ΓQP , also known as the radiative decay energy loss. Excitons in the QE can
also decay due to the exciton-SPPs interaction and it is represented by ΓNR . This is known
as the nonradiative decay energy loss. The PL spectrum of the QE can be analyzed using the
following expression [33]
PPL = QPL WQE

(3.1)

where QPL is called the PL quantum yield, or the quenching factor, and is defined as

QPL

ΓQP
=
ΓQP + ΓNR

!
(3.2)

Here the WQE term is the power absorbed from the probe laser field by the QE and it is calculated as [34]
WQE

1
=
Re
2VQ

*Z

dPQ
dV ET .
dt

!+
(3.3)

where the volume integral is over the volume VQ of the QE and the symbol h...i represents the
time average over the period of the applied electric field. Here ET is the electric field falling on
the QE. Parameter PQ is the induced polarization in the QE due to the transition |ai ↔ |bi and
is found as [32] PQ = (µab ρab ) + c.c. where µab and ρab are the matrix elements of the dipole
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moment operator µ and density matrix operator ρ for the transition |ai ↔ |bi, respectively.
Here c.c. represents the complex conjugate. This expression of PQ can be expressed in terms
of the polarizability αQ as
PQ = αQ E p
αQ =

(µab ρab ) + c.c.
ET

(3.4)
(3.5)

Putting equation (3.4) into equation (3.3), the expression of the power can be obtained as
WQE =


ωab
Im αQ |ET |2 ,
2

(3.6)

The polarizability αQ appearing in equations (4 and 5) is calculated by using the density matrix
method [35] in the next section.

Let us first calculate the electric field ET falling on the QE. In the presence of the probe
field polarizations P M and PG are induced in the MNP and GR, respectively. The P M and PG
Q
polarizations in turn produce electric fields E M
and EGQ at the QE. Here subscripts Q, M and G
Q
stand for the QE, MNP and GR, respectively. Hence three electric fields E P , E M
and EGQ are

falling on the QE. Therefore, we have
Q
ET = E P + E M
+ EGQ

(3.7)

Q
Let us calculate the electric fields E M
and EGQ appearing in equation (3.7) as follows.

We know that three electric fields fall on GR: (i) the probe field E P , (ii) the dipole electric
field from the QE denoted as E GQ , and (iii) the dipole electric field from the MNP denoted as
E GM . Then the total electric field seen by GR is equated to E P + E GQ + E GM . Similarly, the total
electric falling on the MNP is equal to E P + E QM + EGM where E QM and EGM are the dipole electric
fields produced by the QE and GR, respectively. Using the quasi-static approximation [32, 35]
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the polarization PG of the GR can be calculated as


 E P + E GQ + E GM 

PG = αG 
e f
VG [G (ω) − b ]
αG =
3b + 3ςl [G (ω) − b ]

(3.8)
(3.9)

where e f is the effective dielectric constant and αG is the polarizability of the GR. Similarly,
we can calculate the polarization P M of the MNP using the quasi-static approximation [32, 38]
as


 E P + E QM + EGM 

P M = α M 
e f
V M [ M (ω) − b ]
αM =
 M (ω) + 2b

(3.10)
(3.11)

where α M is the polarizability of the MNP. The G (ω) and  M (ω) terms appearing in equations (9) and (11) denote the dielectric functions of the GR and MNP, respectively. Here V M
and VG are the volume of the MNP and GR, respectively. The ςl term is called the depolarization factor [32]. The dielectric constant of the GR has been calculated in the presence of
the surface plasmon-photon couplings by using Green’s function method in the random phase
approximation. It is written as [32, 36]
e2
ΠG (q, ω)
2q0
2q0 ωG2

G
G (ω) = ∞
−

ΠG (q, ω) =

e2 (ω + iγG )2

(3.12)
(3.13)

G
where ∞
is the high frequency dielectric constant of the GR, 0 is dielectric constant of vacuum,

and ΠG (q, ω) is the 2D polarizability function. Here ωG is called plasmon frequency of GR, q
is the wave vector, e is the electron charge and γG is the decay rate of the GR plasmon. The
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following equation for  M is used widely in the literature
 M (ω) = ∞M − ω2M / (ω + iγ M )2

(3.14)

where ∞M is the high frequency dielectric constant, ω M is called plasmon frequency and γ M is
the decay rate. It is interesting to note that Re ( M (ω)) and Re (G (ω)) have negative values for
certain values of ω. This means the denominators of αG and α M in equations (9) and (11) can
become zero for certain frequencies say ωGsp and ω M
sp which they are called the SPP resonance
frequencies for GR and MNP, respectively.
We have found the polarization PQ , PG and P M in equation (3.4), (3.8) and (3.10) for QE, GR
and MNP, respectively. Now we can calculate the electric fields produced by these polarizations
by using the identity [32] Ei = gl |Pi | /4πe f |R|3 (i = P, M, G). where the constant gl is called the
polarization parameter and it has values gl = −1 and gl = 2 for Pi q R and Pi ⊥ R, respectively.
Let the center to center distance between the QE and the MNP, QE and GR, and MNP and GR
be denoted as RQM and RQG and R MG , respectively. Putting expression of PQ from equation
(3.4) in this identity we can calculate the electric field produced by the QE at the GR (E GQ ) and
at the MNP (E QM ) as
gl αQ E P
4πe2f R3QG
gl α Q E P
E QM =
4πe2f R3QM
E GQ =

(3.15a)
(3.15b)

Similarly, using equation (3.8) in the identity we can calculate the electric field produced by
the GR at the QE (EGQ ) and at the MNP (EGM ) as

EGQ =
EGM =



gl αG E P + E GQ + E GM
4πe2f R3QG


gl αG E P + E GQ + E GM
4πe2f R3MG

(3.16a)

(3.16b)
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Q
Following the above method electric fields produced by the MNP at the QE (E M
) and at the

GR (E GM ) are calculated as

Q
EM
=

E GM =



gl α M E P + E QM + EGM
4πe2f R3QM


gl α M E P + E QM + EGM
4πe2f R3MG

(3.17a)

(3.17b)

Solving equations (15-17) and after some mathematical manipulations we get the expressions
Q
of electric fields falling on the QE from the GR (EGQ ) and from the MNP (E M
) as

EGQ =
Q
EM

g2l αG αQ E P
g2l αG α M E P
gl αG E P
+
+

2

2
4πe2f R3QG
4πe2f R6QG
4πe2f R3QG R3MG

g2l α M αG E P
g2l α M αQ E P
gl α M E P
+
+
=
2
2
4πe2f R3QM
4πe2f R6QM
4πe2f R3QM R3MG

(3.18a)

(3.18b)

To get the above expression we have neglected the R−9 terms which are negligible compared to
R−3 and R−6 terms. Note the electric field, EGQ , produced by the GR at the QE has three terms.
The first term is the induced dipole field created by the probe field E P and it depends on R−3
QG .
The second term is the induced dipole field produced by the QE dipole field and it decays as
R−6
QG . The last term is the indirect electric field produced by the MNP which induces a dipole
−3
in the GR which in turn induces an electric field at the QE and it depends on R−3
QG and RQM .

Similarly, the MNP electric field at the QE also has three terms which have similar physical
meaning as above. It is interesting to point out that the QE not only feels the direct electric
field from the MNP but also sees the indirect electric field from the MNP induced by the GR.
Similarly, the QE feels the direct electric field from the GR along with the indirect electric field
from GR induced by the dipole field of the MNP.
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Density matrix method and photoluminescence

In this section we calculate PL which is defined in equation (3.1) and it depends on the radiative
and nonradiative decay rates. The decay rates are calculated by using the quantum perturbation
theory. The Hamiltonian of the non-interacting QE can be written as
HEX = ~ωa σaa + ~ωb σbb

(3.19)

where σii = |ii hi| with i=a,b and ~ωa and ~ωb are the energy of levels |ai and |bi. The exciton
energy is found as ~ωab = ~ωb − ~ωa .
Therefore, the dipole µ of the QE interacts with electric field ET falling on the QE and the
interaction Hamiltonian in the dipole approximation is written as
Q
Hint = µ.ET = −µ.E P − µ.E M
− µ.EGQ

(3.20)

The last two terms are the exciton-SPPs interaction with MNP and GR, respectively. They are
also called the DDI (dipole-dipole interaction) since the dipole of the QE interacts with dipoles
of MNP and GR via their electric fields. Putting equations (18a, 18b) into the interaction
Hamiltonian, equation (3.20) and after some mathematical manipulations in the rotating wave
approximation we get
Hint = He−p + HDDI

(3.21a)

He−p = −ΩP σ†ab + c.c.

(3.21b)




HDDI = − ΠQM + ΛQM σ†ab − ΠQG + ΛQG σ†ab + ΦQGM + ΦQGM σ†ab

(3.21c)

g2l αG αQ ΩP
g2l αG α M ΩP
gl αG ΩP
,
Λ
=
,
Φ
=
QG
QGM

2

2
4πe2f R3QG
4πe2f R6QG
4πe2f R3QG R3MG

(3.21d)

g2l α M αQ ΩP
g2l α M αG ΩP
gl α M Ω P
=
, ΛQM = 
, ΦQMG = 
2
2
4πe2f R3QM
4πe2f R6QM
4πe2f R3QM R3MG

(3.21e)

ΠQG =
ΠQM
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where ΩP is called the Rabi frequency and is defined as ΩP = µab E P /2~Q with Q as the
dielectric constant of the QE. Here µab is the induced dipole moment due to the transition
|ai → |bi, and σ†ab is called the exciton raising operator for transition |ai ↔ |bi.
The first term He−p is the interaction of the QE due the probe field. The second term HDDI
is the exciton-SPPs coupling term. It is also called the DDI term since the SPPs induce dipoles
in MNP and GR interact with exciton induced dipole in the QE. It is important to note that
when the probe frequency ω is in resonance with ωGsp and ω M
sp then αG and α M have very large
values. This in turn makes the DDI very strong. This effect will be exploited in the results and
discussion section. The two ΠQM and ΠQG terms are due to the interaction of the QE with the
dipole electric field from the MNP and GR, respectively. The other two terms, ΛQM and ΛQG ,
are due to the interaction of the QE with a dipole field from MNP and GR, respectively, and is
the self-interaction of the QE, as it depends on the polarization of the QE. The term ΦQGM is
the indirect interaction between the QE and the MNP via GR. Similarly, the term ΦQMG is the
indirect interaction between the QE and the GR via the MNP.
The excited state in the QE decays to the ground state due to the spontaneous emission.
Energy is also lost due to exciton-SPPs in MNP and GR. The interaction Hamiltonian can be
found in the second quantization operator notation using the rotating wave approximation as
Hdecay = −

X

X

i=P,G,M,GM,MG

k

h
i
gQi (εk ) ak σab e−i(εab −εk ) + h.c.

(3.22)

where gQi is the coupling constant and is written as
εk µ2ab
(ε
)
gQP k = i
20 πVQ

!1/2
(3.23a)

gQM (εk ) = gQP (εk ) ΠQM + ΛQM
gQG (εk ) = gQP (εk ) ΠQG + ΛQG

1/2

(3.23b)

1/2

(3.23c)

gQMG (εk ) = gQP (εk ) ΦQMG

1/2

(3.22d)

gQGM (εk ) = gQP (εk ) ΦQGM

1/2

(3.23e)
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where operator ak is the photon annihilation operator for energy εk , and parameter σab =|aihb|
The first term gQP is the interaction of the QE due to the vacuum field, which is responsible
for the spontaneous radiative decay. The other terms are exciton-SPPs interaction (DDI) terms
that are responsible for the nonradiative decay. The equation of motion for the matrix elements
ρab and ρbb is found as
dρbb
= −2Γint ρbb − iΩT ρab + i (ΩT )∗ ρba
dt
dρba
= −(Γint + iδab )ρba − i (ΩT ) (ρbb − ρaa )
dt

(3.24)
(3.25)

where δab = ωab − ω is called the detuning parameter and ΩT = µab ET /2~Q . The matrix
element ρaa can be found as ρaa = 1 − ρbb . The decay rate Γint appearing in equation (3.24,
3.25) is found as
Γint =

2π X
|h f | Hint |ii|2 δ(ωk − ωab )
~ k

(3.26)

where the initial state |ii is taken such that the exciton is in the excited state |bi and there are
no photons |0k i i.e. |ii = |b, 0k i. Similarly, the final state | f i is considered in such a way that
an exciton is in the ground state |ai and there is one photon state |1k i i.e. | f i = |a, 1k i. The
summation over k can be replaced by integration using the idea of the density of states D(ωk ).
The decay rates can be expressed in term of D(ωk ) as
Γint

Z
X
2π
2
gQi (ωk ) D (ωk ) δ(ωk − ωab )
=
~ i=P,G,M,GM,MG

(3.27)

where D(εk ) is the density of state of emitted photons and found as D(εk ) = VQ ε2k /3π2 / (~c)3 .
Using this equation for D(εk ) and putting equations (24, 25) into equation (3.27) we get the
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expressions for the decay rates as
indirect
Γint = ΓQP + Γdirect
NR + ΓNR

(3.28)

Γdirect
= ΓQM + ΓQG
NR
Γindirect
= ΓQMG + ΓQGM
NR
indirect
where Γdirect
NR is the direct nonradiative decay rate and contains two terms ΓQM and ΓQG , ΓNR

is the indirect nonradiative decay rate and contains two terms ΓQMG and ΓQGM . They are
calculated as
ΓQP

µ2ab ε3ab
=
3π0 ~4 c3

(3.29a)



ΓQM = ΓQP ΠQM + ΛQM ; ΓQG = ΓQP ΠQG + ΛQG

(3.29b)



ΓQMG = ΓQP ΦQMG ; ΓQGM = ΓQP ΦQGM

(3.29c)

where εab =~ωab . Here ΓQM is the direct nonradiative decay rate when the exciton energy is
transferred from the QE to the MNP, ΓQG is the direct nonradiative decay rate when the exciton
energy is transferred from the QE to the GR. On the other hand, ΓQMG is the indirect nonradiative decay rate when the exciton energy is transferred from the QE to the GR via the MNP,
and ΓQGM is the indirect nonradiative decay rate when the exciton energy is transferred from
the QE to the MNP via the GR.
Now we can evaluate the PL quantum yield given in equation (3.2). Putting equation (3.28)
into equation (3.2) we get the expression of the PL quantum yields as

QPL

1



=
1 + ΠQM + ΠQG + ΛQM + ΛQG + ΦQMG + ΦQGM

!
(3.30)

Note that in the absence of the DDI we get QPL = 1.
We define the PL efficiency as E PL . PL efficiency is ratio of the power emitted by the QE
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in vacuum and the power emitted by the QE in the presence of the MNP and GR
E PL =

P0PL
PPL

(3.31)

where P0PL is the power emitted by the QE due to the spontaneous emission only and it is
obtained from PPL by putting the DDI terms equal to zero (i.e. HDDI = 0).
Finally, we can derive the expression of the PL (PQM
PL ) for the QE-MNP hybrids. This
expression can be obtained from the PL expression of the QE-MNP-GR by putting αG = 0.
This gives us
QM
PQM
PL = QPL WQE

QQM
PL =

(3.32a)
!

1
1 + ΠQM + ΛQM

(3.32b)

Similarly, we can derive the expression of the PL for the QE-GR (PQG
PL ) hybrids by putting
α M = 0 and we get
QG
PQG
PL = QPL WQE

QQG
PL =

1

(3.33a)
!

1 + ΠQG + ΛQG

(3.33b)

Note that the PL does not have ΦQMG and ΦQGM terms. The Im(ρab ) appearing in WQE will be
evaluated by numerically using MAPLE subroutine in the next section.

3.3

Results and Discussion

In this section we compared our theory with the experiments of QD-GR hybrid [17] and QDMNP-GR [18] hybrid systems. Let us first apply our theory to the QD-GR hybrid. In this
experiment the PL intensity of CdTe QD is measured alone and then measured in the presence
of the GR by varying the concentration of GR. Their results are plotted in Figure 3.2 as solid
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Figure 3.2: PL emission spectra of QE-GR system. The solid curves correspond to theoretical
results, while the solid circular dots indicate experimental result. Curve and solid circles of A
indicate QE without GR. Curves and solid circles of B-G indicate QE-GR hybrid system with
GR concentrations of 0.02, 0.04, 0.06 0.08 0.10 0.012 µg/mL and RQG of 29, 22, 17, 13, 8, 6
nm.

circles. The CdTe QDs has a mean radius 3.09 nm, and the exciton resonance energy ~ωab =
2.30 eV. Physical parameters for the QD are taken as Q = 6.25 [37] ΓQD = 3.8 ∗ 10−4 meV[37],
G
Ω p = 3.9 ∗ 10−3 meV[38] and µab = 0.1e × nm. For GR we have taken VG =1.8 µm, ∞
= 2.00

[39], ωG = 8.60eV [39], and γG = 0.008eV [40] which are found similar in those references.
The SPP energy ~ωGsp for GR has been calculated using the GR polarizability (αG ) given in
equation (3.9). The experimental parameter for the average thickness of the GR was about
2 nm. The SPP energy is found as ~ωGsp =2.29 eV which is very close to ~ωab . This means
the exciton energy is in resonance with the SPP energy (~ωGsp ≈ ~ωab ). This condition makes
the GR polarizability (αG ) large as can be seen from equation (9). This in turn enhances the
DDI terms Π, Λ and Φ in equations (29), which means the DDI plays an important role in PL
quenching.
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We compare our theory with the above experimental work in Figure 3.2 where the PL
intensity in arbitrary units (A.U.) is plotted as a function of energy (eV). Solid circles denoted
by A indicate the PL intensity of QDs alone, while the B–G-solid circles correspond to PL
intensity with GR at concentrations of 0.02, 0.04, 0.06, 0.08, 0.1, 0.12µg/mL. Theoretical
results are plotted by the solid curves. The A- solid curve is plotted using equation (3.33)
without the DDI term. One can see that there is a good agreement with theory and experiment.
To explain the PL experiment with GR concentration we have considered that the distance
between the QD and GR decreases as the concentration of GR increases. Our theoretical results
are plotted in Figure 3.2 by the B-G solid curves. Note that as the concentration increases
the PL quenching also increases. This is because the nonradiative energy transfer from the
QD to the GR increases as the distance between the QD and GR decreases. This effect is
represented by the DDI coupling seen in ΠQG and ΛQG terms. Note that the ΠQG varies as R−3
QG
and ΛQG depends as R−6
QG , where the former is the dominating term. The effect of GR on the
PL quenching on QE can be further seen in the Figure 3.2 inset. Here maximum PL intensity
(A.U.) is plotted as a function of RQG (nm). Results show that as RQG changes the intensity of
peaks also changes. Once RQG becomes large enough the intensity of QE-GR hybrid systems
resembles the intensity of free-QE.
The relation between the GR concentration (CGR ) and the average distance between QE
and GR (RQG ) is plotted in Figure 3.3. Here PL intensity is taken at the peaks of the B-G
curves. Note that the PL intensity decreases as the concentration increases. The solid circles
are experimental data. We have found that the following expression which fits the experiment
data
CGR = AGR exp(−αGR RQG )
where AGR and αGR are fitting parameters and are found as αGR = 0.075m−1 and AGR =
0.1979µg/mL. The above equation is going to be very useful to find the relation between
the concentration and distance between nanosystem in future experiments.
Now we study the PL quenching in a QE-MNP-GR hybrid system using experimental data
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Figure 3.3: Concentration (µg/mL) of GR plotted as a function of RQG (nm). The solid curve
represents an exponential line of best fit.

of Zeng et al. [18]. They have used CdTe QD as a QE and the MNP as gold (Au). This QD
has a maximum absorption at ~ωab =2.36eV. The physical parameters for GR, found similar in
G
reference, are VG =1.8µm, ∞
= 2.40 [39], ωG = 9.01eV [39], and γG = 0.08eV [40]. While
G
the parameters for Au MNP are taken as V M =125nm, ∞
= 1.80 [41], ω M = 8.75eV [41], and

γ M = 0.001eV [41] similarly, found in that reference. The SPP energy ~ωGsp and ~ω M
sp for the
GR and Au MNP has been calculated using the polarizability αG and α M given in equations
(9 and 11). We found ~ωGsp =2.37 eV and ~ω M
sp =2.38 eV which are very close to ~ωab . This
means the exciton energy is in resonance with the SPP energies and DDI plays an important
role in the PL quenching. The concentration of QDs in their experiments is taken as 0.01 ×
10−5 mol/L. This gives us the distance between QDs as approximately equal to 250 nm. Which
means we can neglect the DDI between QDs in our calculations. After the hybridization the
distance between the GR and the QD was about RQG =10nm and the distance between the
MNP and the QD was about RQM =10nm.
Measured PL intensity of QD alone, QD-MNP, and QD-GR-Au MNP is plotted in Figure
3-4 by A, B, and C solid circles, respectively. Their results show that with the addition of
Au MNPs, PL quenching was observed. Furthermore with the addition of GR, the quenching
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Figure 3.4: PL emission spectra of QE-MNP-GR system. The solid curves correspond to
theoretical results, while the solid circular dots indicate experimental result. Curve and solid
circles of A indicate QE without GR and MNP. Curves and solid circles of B indicate QE-MNP
hybrid system with RQM = 10nm. Curves and solid circles of C indicate QE-MNP-GR hybrid
system with RQM = RQG =10nm and R MG = 20nm. Solid circles of C and D indicate QEMNP-GR bound with antigen concentration of 0.1ng/mL and 0.05ng/mL, respectively. Curves
of C and D represent QE-MNP-GR with RQM = 40nm, RQG =14nm and RQM = 30nm RQG
=13nm and R MG = 20nm, respectively.

increased again. To explain curve B we used equation (3.32) along with equations (1 and 29)
to analyze curve C. The theoretical results are plotted by A, B and C solid curves. A good
agreement between experiments and theory is found. The PL quenching in the B curve is due
to the direct nonradiative energy transfer from the QD to the MNP due to terms ΠQM and ΛQM .
The C curve in Figure 3.4 is for QD-MNP-GR hybrid. In this case all DDI terms (i.e. ΠQM ,
ΛQM , ΠQG , ΛQG , ΦQMG and ΦQGM ) are included in the calculation. This means that the PL
quenching occurs due to the direct nonradiative energy transfer from the QD to the MNP and
from the QD to GR. The PL quenching also occurs due to the indirect nonradiative energy
transfer from QD to the MNP via GR and from QD to GR via MNP. It is interesting to note
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that the direct nonradiative process depends on the polarizability of the QD (αQ ) and distance
between the QD and MNP (RQM ) and QD and GR (RQG ). On the other hand, the indirect
nonradiative process does not depend on αQ and depends on R MG . This means that energy can
be transported from one nanosystem to the second nanosystem through a third nanosystem.
Zeng et al. [18] have also measured the PL intensity by changing the distance between
nanosystems. They have achieved this by changing the antigen concentration from 0 ng/mL to
0.1 ng/mL and 0.05 ng/mL. The experimental data (solid circles) and theoretical results (solid
curves) are plotted by D and E curves in Figure 3.4 for 0.1 ng/mL and 0.05 ng/mL respectively.
The antigen increases the distance between QD and MNP-GR, resulting in a recovery in the PL
intensity. This is because the direct and indirect nonradiative energy transfer rates decrease as
the distance between the systems reduces. Hence PL quenching decreases as the concentration
of the antigen increases.
To observe the importance of the indirect nonradiative energy transfer we have plotted
decay rate defined as equation (3.28) as a function of R MG and kept RQG = RQM = 10nm, in
Figure 3.5. Note that RQM , RQG and R MG are related by the following equation in a triangle

R MG

q
= R2QM + R2QM + R2QM R2QM cos φ

where φ is the angle between sides RQM and RQG . Note that by changing φ one can modify
R MG without affecting the values of RQM and RQG . The solid curve represents the PL efficiency
0
E PL
without the indirect nonradiative terms (i.e. ΦQMG = ΦQGM = 0) and dotted curve is the PL

efficiency E PL with the indirect nonradiative terms. Note that the E PL increases with decreasing
0
R MG whereas E PL
does not change. This means that we can increase the indirect nonradiative

process by decreasing R MG and without changing the direct nonradiative contribution. It is interesting to see that the direct radiative process falls faster than that of the indirect nonradiative
process. These are interesting findings of the papers.
Finally, we study the time dependence of two indirect nonradiative energy transfer pro-
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Figure 3.5: Normalized decay rate (A.U.) is plotted as a function of R MG (nm). The solid
line corresponds to the PL efficiency without indirect nonradiative term, while the dotted curve
corresponds to the PL efficiency with the indirect nonradiative term. Here, RQM = RQG =10nm.

cesses. Note that the expression of the energy transfer rate (see equations (5) and (6)) depends
on the Im ρab . Hence Im ρab is calculated as a function of normalized time (τ = ΓN t/}) using
equations (24, 25) self consistently and only considering ΦQMG and ΦQGM terms. The results
are plotted in Figure 3.6. The solid curve is plotted when only ΦQMG is present and the rest
of the terms are absent. Similarly, the dotted curve is plotted when only ΦQGM is present and
the rest of the terms are absent. Note that both processes starts at the same time but ΦQMG
increases faster and reached at highest value at τ = 2, or t = 0.03ns (ΓN = 3.39 ∗ 10−2 meV). For
this process the steady state reaches at τ = 19 (t = 0.37ns). On the other hand the ΦQGM term
increases slower and reaches maximum value at τ = 2 (t = 0.03ns). In this case the steady state
reaches at τ = 15 (t = 0.29ns). Note the ΦQMG term is stronger than the ΦQGM term, because
GR polarizability (αG ) is larger than MNP polarizability (α M ) which decreases Γint .
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Figure 3.6: Plot of the Im ρba as a function of normalized time, τ = ΓN t/}. The solid curve
represents when only ΦQMG is present and the rest of the terms are absent, with RQG = 15nm
and RQM = 10nm.The dotted curve corresponds when only ΦQGM is present and the rest of
terms are absent, with RQG = 10nm and RQM = 15nm.The other parameters are R MG = 10nm,
and }ω =2.18eV.

3.4

Conclusions

In this paper a theory for PL quenching for hybrid systems made from three nanosystems
such as QE, MNP and GR is developed. The quantum density matrix method and Maxwell’s
equations in the quasi-static approximation have been used to calculate the DDI between the
nanosystems. We used the second quantized method and quantum Golden rule to calculate the
radiative and nonradiative decay processes in the presence of DDI. We compared our theory
with PL experiments of QD-GR hybrid [17] and QD-MNP-GR hybrid [18]. A good agreement
between theory and experiments is achieved. It is found that the PL quenching in QD-MNP-GR
hybrid occurs not only due the direct nonradiative energy transfer but also through the indirect
nonradiative energy transfer process. It is found that the indirect nonradiative process in the
QD depends on the distance between the GR and MNP.
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Chapter 4

Photoluminescence quenching theory in
metamaterial, quantum dots and metallic
nanoparticles hybrid systems including
local fields

In the last section, photoluminescence quenching was observed in a system of quantum dots
with graphene and metallic nanoparticles. Photoluminescence was quenched due to the interaction between excitons in the semiconductor quantum dot with the surface plasmon polaritons
energies. In this chapter we study optical properties in a system composed of quantum dots
with metamaterials and metallic nanoparticles. Photoluminescence quenching of the quantum dots will be investigated when they are in the vicinity of metamaterials and gold metallic
nanoparticles.
49
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4.1

Introduction

Nanoscale research in new artificial materials have had great interests due to the numerous optical properties these systems hold. Research in metamaterials, which are classified as artificial
materials, have shown great importance due to its applications in superlenses, medical sensing,
and telecommunication [1-7]. Large areas of metamaterial research involve exploiting the zero
and negative index of refraction feasibility. Recently, researchers have fabricated an on-chip
integrated metamaterial with a refractive index of zero in the optical regime, which is applicable in integrated optics [1]. Compared to noble metals and other system, such as graphene and
quantum dots (QDs), metamaterials have seen much fewer theoretical and experimental work
[10-20].
Metamaterials, similar to noble metals, have the ability to form surface plasmon polaritons (SPPs), thus allowing a variety of optoelectronic properties in hybrid systems, such as
photoluminescence (PL). Recently, groups have started focusing on PL properties in metamaterial systems, because of the exotic properties metamaterials possess [21-24]. Metamaterials
alone possess the possibility for PL research, however, for more tunable system, metamaterial
hybrids systems have also been researched.
Here, we study PL quenching from QDs doped in a dielectric substrate, metamaterial, and
metallic nanoparticle hybrid system. Our aim is to develop theory for PL quenching in this
metamaterial hybrid system influenced both SPP field and local field. QDs can be interchanged
with any quantum emitter, such as chemical and biological dyes. A schematic diagram of the
nano-hybrid system is shown in Figure 4.1A. The metamaterial we consider contains a unit cell
of a split-ring resonator and a metallic rod which we will denote as SRM. We also consider
gold nanoparticles, AuNP, and PbS QDs denoted as MNP and QD, respectively. Two SPPs
are formed at the interfaces of the dielectric slab with the SRM and the MNP. These two
SPPs interact with the excitons in the QD via the excition-SPPs interaction, sometimes called
dipole-dipole interaction, which has been evaluated in the rotating wave approximation. Using
the many body quantum theory called the density matrix method we calculate the PL intensity
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Figure 4.1: a) A schematic diagram of SRM-MNP-QD hybrid system deposited on a dielectric
substrate. b) A schematic diagram of a QD with three energy levels in a V-configuration.
Level |ai indicates the ground level while levels |bi and |ci corresponds to two excited states.
Metamaterial’s SPP couples with transition |ai - |bi of the QD while MNP’s SPP couples with
transition |ai - |ci.

for QDs and the radiative and nonradiative decay processes in the presence of the excitionSPPs interaction. Maxwell equations in quasi-static approximation [25] was used to calculate
the fields of the system. Our results provide interesting findings that can be used to fabricate
nanosenors and other optoelectronic devices for various fields.

4.2
4.2.1

Theoretical Formalism
Photoluminescence quenching

The objective of this paper is to study PL quenching of doped QDs within a SRM-MNP dielectric substrate hybrid system, seen in Figure 4.1A. Our SRM is a split-ring resonator and
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metallic rod metamaterial placed on top of a dielectric substrate, in which MNP and QD are
located near the interface. SPPs form at the interface between the SRM and MNP with the
dielectric substrate, when an external field is applied to the system. Here we consider a QD
with three discrete electronic states, one ground state |ai, and two excited states |bi and |ci.
A schematic diagram of the QD is shown in Figure 4.1B. We have tuned the QD in such a
way that the transitions between |ai ↔ |bi and |ai ↔ |ci are matched with the SPP resonance
energies of SRM and MNP, respectively. Finally, we have considered that the segments that
make up our hybrid system are few and apart from another segments of the same type, which
prevents additional interference.

PL in the QD in vacuum is a photon emitted due to a decay of energy of exciton from the
excited state |bi, or |ci to the ground state |ai. This decay rate is known as the radiative decay
caused by spontaneous process. It is denoted by Γqd . However, in the presence of the MNP and
SRM, part of the energy rate is transferred from the QD to the MNP and SRM. This is called
the non radiative process which is due to the dipole-dipole interaction between the exciton in
the QD and the SPPs in MNP and SRM. This decreasing phenomena is known as quenching.
The non-radiative decay rate of excitons from QD to the MNP is denoted as Γqd→m . Similarly,
the non-radiative decay rate of excitons from QD to the SRM is denoted as Γqd→N . Hence PL
quenching factor, seen in the previous chapter, is defined as
QPL =

Γqd

!

Γqd + Γqd→M + Γqd→S

(4.1)

The PL spectrum of the QD can be analyzed from the PL efficiency by using the fluorescence
quenching data which was analyzed by the following expression [26]
PPL = QPL WPL

(4.2)

where WPL is the power emitted given in equation (3.3); however, in the presence of the MNP
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and SRM [27]. Using the same method as in chapter 3 we are left with.
WPL =


ωab
2
Im αQ ETQ ,
2

(4.3)

Here αQ represents the polarizability of the QD as seen in equation (4.5). Solving the system’s
fields will be calculated in the next section. Evaluating the density matrix elements, necessary
for polarizability, will occur in Section 4.2.3.

4.2.2

System Fields Contribution of metallic nanoparticles and metamaterial

T
In this next section we calculate the total electric field E QD
upon the QD. The probe field

induces polarizations P M and PS in the MNP and SRM, respectively. We denote subscripts Q,
M, and S for QD, MNP and SRM. Therefore, in our hybrid system the QD experiences electric
fields from the probe field, MNP SPP, and SRM SPP. This gives us
Q
ETQ = E P + E M
+ ESQ

(4.4)

A similar expression is found in equation (3.7), however in this chapter our third system is
Q
SRM and not GR. Now, first we calculate the electric fields of E M
and ESQ seen above.

Considering the MNP, we know that three sources apply an electric field to that part of the
system. The first electric field we consider is due to the probe laser. The second source is
contributed from dipole electric field from the QD-excitons with MNP-SPPs. The last sources
comes from the dipole electric field between SRM-SPPs with MNP-SPPs. Hence the total
electric field on the MNP can be represented as
ETM = E P + E QM + ESM

(4.5)

Using the quasi-static approximation [25,29] the polarization of P M of the MNP can be found
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in equation (3.10)
PM =



α M E P + E QM + ESM

(4.6)

am

where am is the effective dielectric constant of MNP with its environment. Here α M is the
polarizability of MNPs found in equation (3.11).
αM =

V M [ M (ω) − b ]
3b − 3ζ [ M (ω) − b ]

(4.7)

where V M is the volume of the MNP, ζ is called the depolarization factor and b is the dielectric
constant of the surroundings. Here,  M = ∞M − ω2M / (ω + iγ M )2 is the dielectric function of the
MNP, where ∞M is the high frequency dielectric constant, ω M is called plasmon frequency, and
γ M is the decay rate.

Since we determined MNP’s polarization we can calculate the electric fields produce by
MNP’s polarization. From referencing, the electric field produced by the QD at the MNP as
[25]
Q
EM
=

where
E QM =



gl α M E P + E QM + ESM



Q
gl α Q E P + E M
+ ESQ
2 R3
4πam
QM

(4.8)

2 R3
4πam
QM

,

ESM =



gl αS E P + E QS + E SM
2 R3
4πas
SM

(4.9)

Here parameters RQM and RS M represent the distance between the QD with the MNP and the
SRM with the MNP, respectively. Parameter gl is called the polarization parameter and it has
values of gl = −1 and gl = 2 when polarization is parallel and perpendicular, respectively,
with the dipole’s distance vector. Also parameters αS and as are SRM’s polarizability and the
effective dielectric constant of SRM with its environment.

Next we calculate the total electric field applied to SRM. Similarly, as the MNP, three
electric fields affect the SRM: probe field, dipole electric field from the QD-excitons with
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SRM-SPPs, and dipole electric field from the MNP-SPPs with SRM-SPPs.
ETS = E P + E QS + E SM

where
ESQ =
and
E QS =

(4.10)



gl αS E P + E QS + E SM

(4.11)

2 R3
4πas
QS



Q
gl αQ E P + ESQ + E M
2 R3
4πas
QS

,

E SM =



gl αS E P + E QM + ESM
2 R3
4πam
SM

(4.12)

here RQS is the distance between the QD and the SRM. Solving equations (4.5 - 4.12) and
excluding all the distances to the ninth power we get the following

Q
EM

g2l α M αS E P
g2l α M αQ E P
gl α M E P
=
+
+

2 R3
2  2 R3 R3
2 2 R6
4πam
(4π)2 am
4πam
QM
as QM S M
QM

ESQ =

g2l αS α M E P
g2l αS αQ E P
gl αS E P
+
+

2 R3
2  2 R3 R3
2 2 R6
4πas
(4π)2 as
4πas
QS
am QS S M
QS

(4.13)

(4.14)

We neglected the ninth power distance terms since they are negligible compared to distance to
Q
the third and sixth power. Both E M
and ESQ have three terms. The first terms are the induced

dipole field create by the probe field and it depends on the distances R3QM and R3QS . The second
terms are the induced dipole field produced by the QD dipole field and depends on distances
R6QM and R6QS . The final terms are the indirect dipole fields produced by the MNP and SRP via
the QD which depends on R3QM and R3S M , and R3QS and R3S M .

Lastly, we calculate the polarizability of the SRM. Using transmission line theory metamaterials can be expressed as left and right handed inductors and capacitors, seen in Figure 4.1B.
Thus, we get for the SRM [24, 28]

αS =

2
4πAi am
R3QS

gl

 r



2
− Z 2 − d µd  RQS 

e

~2 c2

=

2
4πAi am
R3QS

gl

eF

(4.15)
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where
q
µ s Re
Z2 −
Ai =

q
µ s Re
Z2 −

Z=

µ2s

d µd  2
~2 c2

d µd  2
~2 c2

 √d µd  
~c

!
− µd Re
!

− µ2d

+ µd R






 2 − 2
2
sin−1 2r p
as









2
2
2
−1  − p
sin
as
2r

2
2
2
−1  − p
sin
as
2r



(4.16)



(µ s + µd ) (µ s − µd )

(4.17)

√
√
Here  p = ~/ Lr Cl , and r = ~/ Lr Cr , where Ll and Lr and Cl and Cr are left and right
handed inductors and capacitors, respectively. The magnetic permeability for SRM is found as
µ s = Lr [1 −  p / 2 + iγ s ]/(am µo ), where am is the lattice constant and γ s is the decay rate of
SRM. Also, parameter d and µd are the permittivity and permeability of the dielectric substrate,
respectively.
Finally, after modifying equations (4.13-4.14) with (4.15-4.17) and ηqd = αQ /R3QS we get
the following
Q
=
EM

gl Ai eF R3S M α M E P
g2l α M αQ E P
gl α M E P
+
+

2 R3
2 R3 R3
2 2 R6
4πam
πam
4πam
QM
QM S M
QM

ESQ = Ai eF E P + Ai eF ηqd E P +

4.2.3

gl Ai e F α M E P
2 R3
4πam
SM

(4.18)

(4.19)

Density Matrix Equation and Quenching Factor

The interaction Hamiltonian for the QD in the dipole and rotating wave approximation is written in the interaction representation as


Q
Hint = − (µab σba + µac σca ) E p + ESQ + E M
+ h.c.

(4.20)

where σii = |iihi|, µii is the dipole moment, and h.c. is the hermitian conjugate. Putting
equations (4.18-4.19) with equation (4.20) we get the following
Hint = (Ωb + Πb + Λb + Φb + αb ρ21 + βρ31 ) σba + (Ωc + Πc + Λc + Φc + αc ρ31 + βρ21 ) σca
(4.21)
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where
Ωb =
Ωc =

pab E p
gl Ai eF α M Ωb
, Πb = Ai eF Ωb , Λb = Ai eF ηqd Ωb , Φb =
2 R3
2~d
4πam
SM

gl Ai eF R3S M α M Ωc
g2l α M αQ Ωc
pac E p
gl α M Ωc
, Πc =
,
Λ
=
,
Φ
=
c
c

2 R3
2 R3 R3
2 2 R6
2~d
4πam
πam
4πam
QM
QM S M
QM
αb = Λb Φb ,

αc = Λc Φc ,

β=

√
αb αc

(4.22)

(4.23)
(4.24)

here αb , αb , and β are called the local fields. Using equation (4.21) and the density matrix
method, the three level density matrix elements ρi j are
dρcc
= −Γ31 ρcc + iXc ρac − iXc∗ ρca + iβ (ρba ρac − ρab ρca )
dt

(4.25)

dρbb
= −Γ21 ρbb + iXb ρab − iXb∗ ρba + iβ (ρab ρca − ρba ρac )
dt

(4.26)



dρca
= − Fca + iαc (ρcc − ρaa ) + iβρcb ρca − iXc (ρcc − ρaa ) − iXb ρbc
dt

(4.27)



dρba
= − Fba + iαb (ρaa − ρaa ) + iβρbc ρba − iXb (ρbb − ρaa ) − iXc ρcb
dt


dρcb
= −Fcb ρcb + iXc ρab − iXb∗ ρca + i (αc − αb ) ρca ρba + iβ |ρba |2 − |ρca |2
dt

(4.28)
(4.29)

Here Xb = Ωb + Πb + Λb + Φb and Xc = Ωc + Πc + Λc + Φc . Also, Fca = i( −  MNP ) + Γ31 ,
Fba = i( − S RP ) + Γ21 , and Fcb = i( MNP − S RP ) + Γ31 + Γ21 . Parameter  MNP is the MNP-SPP
resonance frequency, similarly, S RM represents SRM-SPP resonance frequency. In the above
expressions, Γ31 and Γ21 correspond to Γqd→M and Γqd→S , respectively, and are calculated in the
previous chapter
Γ31 = Γqd [Πc + Λc + Φc ]

(4.30)

Γ21 = Γqd [Πb + Λb + Φb ]

(4.31)
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Figure 4.2: Quenching factor for a QD. Solid curve corresponds quenching without SRMMNP, while the dashed curve corresponds to a system with SRM-MNP where all segments are
10nm apart.

Now we can calculate the PL quenching factor seen in equation (4.1). Putting equations (4.304.31) into equation (4.1) we get

QPL

1
=
1 + Π c + Λ c + Φc + Πb + Λ b + Φb

!
(4.32)

Notice that the PL intensity is dependent on the field contributions from the MNP and SRP.
Also, note that in the absence of MNP and SRP QPL = 1. We solved the density matrix
solutions numerically by using MAPLE software package using a DVERK78 subroutine.

4.3

Results and Discussions

In this section we evaluate the PL spectrum for the QD-MNP-SRM hybrid system numerically. Parameters chosen in the simulation are found from references comprised of experimental works [24, 31-33]. We have considered AuNPs as our MNP with the following parameters,
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radius rm = 5nm, plasmon frequency  M = 8.55eV, high plasmon frequency ∞ = 1.53eV,
and decay frequency γ M = 0.073, all found from reference [33]. We consider PbS QDs with
a rabi frequency ΩQD = 50meV and a decay ΓQD = 5meV [31]. Both the PbS QDs and AuNP
are embedded in a polymethylmethacrylate dielectric substrate. The dielectric substrate has
the following parameters, permittivity d = 1.96, and permeability µd = 1. On top of the
dielectric substrate lays the SRM. The SRM in consideration is a metamaterial comprised of
left and right inductors and capacitors with a decay γ s = 40meV. Inductances and capacitances
of the SRM are taken as Lr = 8.67 × 10−14 H and Cr = 0.5 × 10−17 F with Lr /Ll = 0.01 and
Cr /Cl = 7 [24]. Other parameters we have considered are gl = −1 and ζ = 0.1 due to the parallel polarization and spherical polarization respectively. Resonance frequencies for SRM and
MNP are calculated by using equations (4.7-4.15), and are S RM =0.920eV and  MNP =0.998eV,
respectively.
The PL quenching factor for the hybrid system has been calculated. PL quenching factor
is plotted as a function of energy (eV) in Figure 4.2. The solid curve represents PL quenching
factor in a system of QDs alone, while the dash, dot, and dash-dot curves correspond to PL
quenching in a QD-MNP-SRM hybrid system. Notice the minima, this is due to the dipoledipole interaction between the excitons from the QDs and the SPPs from MNP and SRM.
Results above are consistent with recent theoretical work of Singh et al. and of experimental
data of Noginov et al. who studied similar metamaterial dye doped structures [28,34].
Now we evaluate the PL quenching spectrum for the QD-MNP-SRM hybrid system. In
Figure 4.3 we study the effect RQM has on the QD’s PL output. We have plotted PL(nW) as
a function of energy (eV), in Figure 4.3. The dashed and dotted curves correspond to RQM =
15nm and RQM = 20nm, respectively, while RQS = RS M =10nm. Notice in the Figure 4.3 there
are two sets of peaks; Figure 4.3A represents excitons-SRM interaction, while Figure 4.3B is
located near the excitons-MNP interaction. Another interesting result is the difference in PL
output between the two sets of peaks. Figure 4.3B has a much larger PL output compared
to the Figure 4.3A. This indicates that the exciton-SRM interaction is much stronger than the
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Figure 4.3: PL emission spectra of a QD-MNP-SRM system. The dashed and dotted curve
corresponds to distances of RQM = 15 and RQM = 20, respectively, while RQS = RS M = 10nm.

exciton-MNP interaction, due to a larger nonradiative energy transfer from the QD to SRM
via MNP. Further examining Figure 4.3A and Figure 4.3B, we notice as RQM increases the PL
output increases from the QD. This increase is due to a decrease in nonradiative decay which
decreases the quenching effect. The decrease in nonradiative decay and the weaker excitonMNP interaction is also responsible for the narrowing of the PL spectrum.
The most striking feature illustrated in these two figures is the dip in PL near the two SPP
resonance frequencies. This lack of emission is caused by quantum interference in the two
possible decay channels. Here, due to the SPPs from the MNP and SRM causes the transition
+
−
+
−
energy between |ai ↔ |bi, ab , and |ai ↔ |ci, ac , to split into ab
and ab
, and ac
and ac
.

Therefore, attempting to stimulate a PL response one will see a transparent state, because of
mismatch energies. Lastly, the asymmetry is also caused by the local field.
Next, we investigate the effect RQS has on the QD’s PL output. In Figure 4.4 we have plotted
PL(nW) as a function of energy (eV). The dashed and dotted curves correspond to RQS = 15nm
and RQS = 20nm, respectively, while RQM = RS M =10nm. Similar results are found in Figures
4-4 compared to Figures 4-3. Two peaks are present and are located near S RM and  MNP ,
and the narrowing of the PL spectrum increases as RQS increases, seen in Figures 4-4 Insert.
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Figure 4.4: PL emission spectra of a QD-MNP-SRM system. The dashed and dotted curve
corresponds to distances of RQS = 15nm and RQS = 20nm, respectively, while RQM = RS M =
10nm.

Figure 4.4A and Figure 4.4B further illustrate that as RQS increase the PL output increases
from the QD, and the PL spectrum narrows. Again both peaks are increasing PL output due
to the decreasing quenching factor because of nonradiative decay. Note, Figure 4.4B has a
larger output then Figure 4.4A, because of the stronger exciton-SRM interactiong in the system.
Comparing Figure 4.4 with Figure 4.3, we notice the heights to be the same. Thus suggesting
that the distance has a similar affect on the system, and it is the dominate term. In Figure 4.5,
we calculate in the change PL spectrum due to an increasing RS M . We have plotted PL(nW)
as a function of energy (eV). Dashed and dotted curves correspond to RQS = RQS =10nm, with
RS M =15nm, and RS M =15nm, respectively. As in the two prior figures two peaks are located
near S RM and  MNP and as the distance changes the linewidth of the curve also alters. As
RS M increase the PL output increases from the QD cause by the decreasing quenching factor.
Comparing Figure 4.5 with Figure 4.3 and 4.4 we notice one dramatic distance. The PL output
is two orders of magnitude smaller than the previous PL outputs. This suggests that changing
the distance between SRM and MNP has a negligible effect compared to changing the distance
between QD to SRM and MNP. In other words, the direct fields have more of an impact than
the indirect fields. The indirect fields could be considered a fine adjustment variable, while
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Figure 4.5: PL emission spectra of a QD-MNP-SRM system. The dashed and dotted curve
corresponds to distances of RS M = 15nm and RS M = 2nm0, respectively, while RQM = RQS =
10nm.

the direct fields a coarse adjustment variable. From these results variations in distance can be
achieved by applying strain and stress fields, which would allow these systems to be used as
sensors or switches.

4.4

Conclusions

In summary, we have studied PL quenching of doped QDs in a QD-MNP-SRM nano-hybrid
system. We have used the density matrix method to develop theoretical formulation for the
quenching factor and PL in our nanohybrid. To describe the QD-probe field, exciton-SRM and
exciton-MNP dipole fields we used the second quantization Hamiltonian method. Following
this method, we were able to calculate the expressions for power emitted. Results, showed
strong PL quenching near exciton resonance frequency, and as distances in the system increase
an increase in PL spectrum was noticed. Theoretical formulations of PL can be easily interchanged to calculate the PL quenching seen on the MNP or SRM. Finding from this paper can
lead to new types of optoelectronic devices for nanosensing, and nanoswitching.
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Chapter 5
Light absorbtion in quantum dots and
nano-hole metamaterial structure
In the prior chapter we examined the optical properties in a system composed of quantum
dots, metallic nanoparticles and a metamaterial. Photoluminescence in the quantum dots was
quenched due to the interaction between excitons in the quantum dot with the surface plasmon
polaritons energies of the metamaterial and metallic nanoparticles. In this chapter, we investigate the absorption spectrum of quantum dots in the vicinity of nano-hole array metamaterial.
Here we study the effects different modes of surface plasmons from the metamaterial have on
the quantum dots.

5.1

Introduction

There is a considerable interest in developing nanoscale plasmonic devices used for sensing by
combining metamaterials with quantum dots (QDs) into hybrid nanostructures [1-10]. Metamaterials come in a variety of shapes and structures. For nanostructures to be classified as a
metamaterial the unit cell must be much smaller than that of the applied interacting wave. In
this chapter we consider a gold nano-hole array structure, which we will denote as NAS, as our
metamaterial. Other types of structures have been experimentally studied [2-4]. Research on
66
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metamaterial hybrid nanostructures could also lead to applications in quantum computing and
communication as well as numerous applications in biophotonics and sensing.

Most of the research on nanoplasmonics has focused mainly on noble metals [11-16]. Research in noble metal hybrids is concentrated in nanophotonic applications such as integrated
photonic systems [17-19], biosensing [20, 21], photovoltaic devices [22], and single photon
transistors for quantum computing [23, 24]. The problem with the noble metals is that they are
hardly tunable and exhibit large Ohmic losses which limit their applicability to plasmonic and
optoelectronic devices. Metamaterials provide a possible solution to the task at hand. Metamaterials can allow for a much tighter confinement, small Ohmic losses and have relatively long
propagation distances compared with noble metals.

In this chapter the QD-NAS are deposited on Pyrex substrate. A schematic diagram for the
hybrid system is shown in Figure 5-1. Here we calculate the interaction between excitons in the
QD with SPPs in NAS. It is considered that QD has three-energy levels in the V-configuration
and contains two excitonic states. The interaction between excitons and SPPs is also called the
dipole-dipole interaction. A probe field couples with surface plasmons of the NAS and produce
SPPs. Therefore, we can consider a coupling between excitons in the QD with SPPs. Using the
density matrix method we have calculated the absorption coefficient of the QD in the presence
of exciton-SPPs couplings. It is found that when the first and second exciton energies of the
QD are not in resonance with the SPP energies the absorption spectrum has two similar peaks
in the visual range. However, when the first and second exciton energies are resonant with the
SPP energies then there is an enhancement in the absorption spectrum of the two peaks. This
enhancement is due to the transfer of SPP energies from the NAS to the QD. In other words,
the energy transfer from the NAS to the QD can be switched ON and OFF by mismatching the
resonant energies of excitons and polaritons. The mismatching of energies can be achieved by
applying external pump laser or stress and strain fields. These are fascinating findings and they
can be used to fabricate switches and sensors in the visible energy range.
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Figure 5.1: a) A schematic diagram of NAS-QD hybrid system deposited on Pyrex. b) Unit
cell of the NAS is illustrated. c) An electric schematic of the SRM unit cell, composed of
capacitors and inductors.

5.2
5.2.1

Theoretical Formalism
Surface plasmon polaritons in nano-hole structure

In this section we calculate the SPPs in a nano-hole array (NAS) structures. The NAS are
fabricated in metallic thin film by Carson and group at Western [25]. A schematic diagram of
NAS is shown in Figure 5-1. They have fabricated the nano-hole array structure in a 100-nm
thick gold film on the Pyrex substrate. The nano-holes are arranged in a periodic array. The
radius of these holes is in the order of 50 nm and periodicity of the lattice is in range of 360nm.
This NAS can also be classified as a metamaterial due to fact that it is a newly engineered
periodic structure with unit cell size much smaller than wavelength of light we are using [25].
In the rest of the paper we can exchange the nomenclature between the NAS with metamaterial.
Recently calculations of dielectric constant of the NAS structure using the transmission line
theory and Bloch’s theorem was calculated[25]. The transmission line theory is widely used to
calculate band structures of metamaterials which are periodic structures [26, 27]. Nano-holes
are arranged periodically in a cubic lattice structure. Each nano-hole can also be described
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as a nano-hole rod. The radius of these rods is taken as r, and the length of nano-hole rod
is considered to be l. The periodicity of the structure is taken as a p . The nano-hole can by
characterized by a self-inductance Lr . The inductance and capacitance per length l of the
transmission line are Ll and Cl , resulting in the unit cell diagram seen in Figure 5-1C. The
expression of the dielectric constant is found as [25]
s

2

2
 ω

 2c
ω
p
 .
1− 2
sin−1  √
 s = 
apω
ω + iγm ω 
2ωm

(5.1)

√
Here ω p = ~/ Lr Cr and ωm = 0.1ω p

The metamaterial is deposited on a Pyrex substrate. The dielectric constant of Pyrex is
denoted as d and it is found as d = 6.4 experimentally. SPPs exists at the interface of the NAS
and Pyrex. Using the transfer matrix method, the SPPs dispersion is found in reference [25]
and it is written as

 nπ 4 
 a p Fd 

G1 (ω) =  4
F − F4 
s

d

kβ = G1 (ω) ± G2 (ω)
s
G2(ω) =

nπ
G1 (ω) −
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Fd4 − F s4

−

Fd2 F s2
Fd2 + F s2

√
√
where n is Brillouin’s number and Fd = ω d /(~c) and F s =  s .

We have plotted the SPP dispersion relation of NAS where the solid curve corresponds to
n=0 and the dashed curve corresponds to n=1. The dispersion relation for our system is plotted
in Figure 5-2 as a function of energy and wave vector. The solid curve corresponds to the
first SPP mode (n=0) and the dashed curve represents the second SPP mode (n=1). The SPP
frequencies can be calculated from the figure when the wave vector kβ reaches infinity. They
were computed to be ~ωS P1 = 1.90eVand ~ωS P2 = 2.30eV for n=0 and n=1, respectively. Note
that calculation of the SPP values from the polarizability method agree well with experiments
by Carson group [25].
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Figure 5.2: Surface plasmon polariton dispersion relation of the nano-hole metamaterial structure. Solid curve corresponds to n=0 while the dashed curve represents n=1. Other parameters
include a p = 360nm and r = 50nm.

5.2.2

Coupling of Quantum emitter and nano-hole structure

In the above section we have found that the NAS structure contains two SPP modes located at
~ωS P1 = 1.90eV and ~ωS P2 = 2.30eV. We want observe the effect of these two SPP modes on
the absorption coefficient of the quantum dot. They are deposited near the interface between
the NAS and Pyrex slabs. Hence the QD can see the electric field produced by the two SPP
modes near the interface. We consider that QDs have two excitonic states located near the SPP
modes ωS P1 and ωS P2 . Two excitons in a QD can be obtained by considering that the QD that
has three discrete electronic levels which are denoted as |ai, |bi and |ci where |ai is the ground
state whereas |bi and |ci are excited states. A schematic diagram of the QD is shown in Figure.
5-2. The transition frequencies of two excitons for transitions |ai ↔ |bi and |ai ↔ |ci are
denoted as ωab and ωac , respectively. We consider that ωab and ωac are resonant with ω1sp and
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ω2sp , respectively.
We apply a probe field with amplitude E P and frequency ω to monitor the absorption for
the transitions |ai ↔ |bi and |ai ↔ |ci. The probe field induces a dipole moment PQD in the QD
due to the transition |ai ↔ |bi and |ai ↔ |ci. The dipole moment in turn produces an electric
field E QD nearby.
E QD =

gl PQD
4πan R3

(5.3)

where R is the center-to-center distance between the QD and the NAS and an = (2Re( s ) + a ) /3a .
Here  s is the dielectric constant of the QD and a is the dielectric constant of the medium surrounding the NAS system. The constant gl is called the polarization parameter and it has values
gl = −1 and gl = 2 for PQD q E p and PQD ⊥ E p , respectively, found in previous chapters. The
polarization of the QD is calculated by using the density matrix method in the later section. It
is calculated as follows in terms of the density matrix elements [28]
PQD = (µab ρab + µac ρac ) + c.c.

(5.4)

where µi j and ρi j are the dipole moment and density matrix element, respectively for the transition |ii ↔ | ji and c.c represent complex conjugate, similarly found in the previous chapters.
Here ρi j and ρ ji satisfy the condition ρ∗i j = ρ ji .
There are two electric fields that are falling on the NAS structure. One is the probe field
and another is the induced QD electric field. These two fields excite the two SPPs modes as
discussed in the previous section. The electric fields produced one SPP modes at the QD is
calculated as [29, 30]
ES P


g E P + E QD
αS P
=
4πan

(5.5)

Here αS P represents the polarizability of the SPPs. It is seen below and is similar to equation
(4.15)
αS P =

2
An an
VN −kdx x
e
g

(5.6)
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where Vn is the volume of the NAS, and kdx =

p
kβ − Fd . Constant An is calculated using the

normalization condition as
An =
here kmx =

µ s Re(kdx ) − µd Re(kmx )
µ s Re(kdx ) + µd Re(kmx )

(5.7)

p
kβ − Fm

We have shown the that the SPP electric field has two modes ωS P1 and ωS P2 . Note that
the electric field produced by the NAS depends on the polarizability, αS P , which is a complex
quantity. Polarizability, αS P , of the NAS has a huge value at the SPP frequencies ω = ωS P1
and ω = ωS P2 for other value of ω the polarizability is negligible which is seen in reference
[25]. Hence, in the rest of the calculations we will evaluate the polarizability at the ωS P1 and
ωS P2 resonance frequencies. In so, we denote αS P = αS P1 for ω = ωS P1 and αS P = αS P2 for
ω = ωS P2 . Thus the total electric field produced by the NAS can be written as
E NAS = ES P1 + ES P2

(5.8)

S P1
ES P1 = E P + E QD

(5.9)

S P2
ES P2 = E P + E QD

(5.10)

where

Note that E NAS consists of the two electric fields ES P1 and ES P2 which correspond to ωS P1 and
ωS P12 , respectively.
Now we consider that the resonance frequency ωab of transition |ai ↔ |bi is in resonance
with the SPP resonance frequency ωS P1 i.e. ωab = ωS P1 while the resonance frequency ωac of
transition |ai ↔ |ci is in resonance with the SPP resonance frequency ωS P2 i.e. ωab = ωS P2 . In
this situation the expressions for the ωS P1 and ωS P2 fields after substituting the expression of
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Figure 5.3: A schematic diagram of a QD with three energy levels in a V-configuration. Level
|ai indicates the ground level while levels |bi and |ci corresponds to two excited states. Metamaterial’s SPP (when n=0) couples with transition |ai - |bi of the QD while metamaterial’s SPP
(when n=1) couples with transition |ai - |ci.

E QD from equation (5.3) into equations (5.9-5.10) reduce to
ES P1 = E P +

gl µab ρab
αS P1 E P + cc
4πan R3

(5.11)

ES P2 = E P +

gl µac ρac
αS P2 E P + cc
4πan R3

(5.12)

The first and second terms in the above expression are due to the probe field and the QD dipole
field, respectively

5.2.3

Exciton-SPP interactions

In this section we calculate the interaction of the QD with the electric fields of the NAS and
the external probe field. A schematic diagram of this interaction is shown in Figure 5-3. The
Hamiltonian of the exciton in the QD can be written as
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HEX = ~ωa σaa + ~ωb σaa + ~ωc σcc

(17)

where σii = |ii hi| with i=a,b,c.
The induced dipole in QD interacts with electric fields falling on the QD. The external
probe field E P interacts with the QD via excitons transitions |ai ↔ |bi and |ai ↔ |ci. We have
also found that the ωS P1 electric field ES P1 produced by the NAS when n=0, is acting on the
exciton transition |ai ↔ |bi and the ωS P2 electric field ES P2 produced by the NAS when n=1,
is acting on the exciton transition |ai ↔ |ci. Therefore, the total electric field Eab acting on the
exciton |ai ↔ |bi (i.e. εab -exciton) and the total electric field acting Eac on the exciton |ai ↔ |ci
(i.e. εac -exciton) are written as
Eab =

E P ES P1
+
ad
ad

(5.13)

Eac =

E P ES P2
+
ad
ad

(5.14)

where ad is the effective constant of the QD in its surroundings.
Putting the value of ES P1 and ES P2 from equations (5.11-5.12) into the above equation we
get

Eab

g2l µ2ab ρab
EP
gl
EP
EP
αS P1
=
+
αS P1
+
+ cc
6
3
2
2
ad 4πad an R
ad (4π) an R
ad

(5.15)

g2l µ2ab ρab
gl
EP
EP
EP
+
α
+
α
+ cc
S
P2
S
P2
2 R6
ad 4πad an R3
ad (4π)2 an
ad

(5.16)

Eac =

where the first term is the probe field contribution and the second and third terms are the
contributions from the NAS dipole fields.
The dipole of the QD interacts with the electric field Eab and Eac . The interaction Hamilto-
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nian of the QD is expressed in the dipole and the rotating wave approximation as
Hint = −µab Eab σba − µac Eac σca + h.c.

(5.17)

where h.c. stands for the Hermitian conjugate and σba = |bi ha| and σca = |ci ha| are the exciton
creation operators. Putting the expressions for Eab and Eac from equations (5.15-5.16) into the
above expression we get




Hint = Ω p + ΠS P1 + ΛS P1 σba + Ω p + ΠS P2 + ΛS P2 σca + h.c.

(5.18)

where
ΠS P1 =
ΛS P1 =

gαS P1
ΩP ,
4πan ad

ΠS P1 =

gαS P2
ΩP
4πan an

g2l µ2ab ρab αS P1
g2l µ2ac ρac αS P2
Ω
,
Λ
=
Ω
S P2
2  R6 P
2  R6 P
(4π)2 an
(4π)2 an
ad
ad

(5.19)

(5.20)

where Ω p is Rabi frequency of the probe laser field E P .

The Hint Hamiltonian given in equation (5.21) can be expressed in the interaction representation as
Hint = HEX−F + HEX−S P1 + HEX−S P2

(5.21)

where
HQD−F = −~Ωσba e−i(ω p −ωab )t − ~Ωσca e−i(ω p −ωac )t + h.c.
HEX−S P1 = (ΠS P1 + ΛS P1 ) σba e−i(ω p −ωab )t + h.c.

(5.22)

HEX−S P2 = (ΠS P1 + ΛS P1 ) σca e−i(ω p −ωac )t + h.c.

The first term HQD−F in equation (5.21) is the interaction between the exciton and the external
probe field E p . The second term HEX−S P1 represents the interaction between the excitons in
QD and SPP mode 1. Similarly, the third term HEX−S P2 represents the interaction between the
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excitons in QD and SPP mode 2.
Note that two interaction terms (i.e. HEX−S P1 and HEX−S P2 ) have two terms Π and Λ. The
first term is due to the interaction of the QD with the dipole electric field from the NAS induced
by the probe field. Therefore, we refer to this as the direct QD-NAS term. The second contribution is due to the interaction of the QD with a dipole field from NAS that arises when the
external fields polarize the QD, which in turn polarize NAS. In other words, this contribution
is the self-interaction of the QD, as it depends on the polarization of the QD. For this reason,
this term is called the self-induced QD-NAS term.

5.2.4

Absorption coefficient and Density matrix method

We use the density matrix method to evaluate the absorption coefficient due to exciton transitions |ai ↔ |bi and |ai ↔ |ci. Using equations. (5.17) and (5.23) for the Hamiltonian of the
system and the master equation for the density matrix we obtained the following equations of
motion for the QD density matrix elements




∗
dρcc
= −2γc ρcc − i Ω p + ΠS P2 + ΛS P2 ρac − i Ω p + ΠS P2 + ΛS P2 ρca
(5.23)
dt




γc
dρca
= −( + i∆ac )ρca − i Ω p + ΠS P2 + ΛS P2 (ρcc − ρaa ) − i Ω p + ΠS P1 + ΛS P1 ρcb (5.24)
dt
2



∗
dρbb
= −2γb ρbb − i Ω p + ΠS P1 + ΛS P1 ρab − i Ω p + ΠS P1 + ΛS P1 ρba
(5.25)
dt




dρba
γb
= −( + i∆ab )ρba − i Ω p + ΠS P1 + ΛS P1 (ρbb − ρaa ) − i Ω p + ΠS P2 + ΛS P2 ρbc (5.26)
dt
2



∗
dρcb
(γc + γb )
= −[
+ i(∆ac − ∆ab )]ρcb + i Ω p + ΠS P2 + ΛS P2 ρab − i Ω p + ΠS P1 + ΛS P1 ρca
dt
2
(5.27)
Here ∆ab = ωab − ω and ∆ac = ωac − ω are called the probe field detunings. Physical quantities
γb and γc are the decay rates of the levels |bi and |ci , respectively.
The absorption coefficient due to absorption of a photon for the transitions |ai ↔ |bi and
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|ai ↔ |ci is calculated in the literature [30] and it is written as
α = α0 Im (ρab + ρac )
α0 =

(26)

µab ω p
,
~cE p

where µab = µac is considered. Matrix elements ρab and ρac appearing in the above expression
will be evaluated numerically in the next section.

5.3

Results and Discussion

We consider a metamaterial composed of a gold nano-hole array structure. The thickness of
the gold film is 100nm, with a nano-holes radus of 60nm and a lattice constant of a p =400nm.
Other parameters of the metamaterial are Cl = 2.50aF, Lr = 36.3fH, Ll = 26.3fH and γN = 0.4eV.
These parameters are consistent with reference [25]. The SPP resonance (energies) frequencies
for the NAS are calculated from Figure 5-2 and are found as ε sp1 =1.90eV and ε sp2 =2.30eV.
The dielectric constant and dipole moments of the QD are taken as d = 12 and µ12 = µ13 = 0.1
e × nm, respectively, while the decay rates for the QD are taken as γb = γc =0.005eV. The
radius of the QD is taken to be 3nm. These parameters are comparable to those commonly
found in the literature for QDs [2-4]. The transition energies in the QD are considered to lie
near the two polaritons energies as εac = ε sp2 and εab = ε sp1 . These energy range are found in
the QD made from HgTe[31].
Now we investigate the absorption coefficient of the QD using equation (5.26). The density
matrix element ρab and ρac which appears in equation (5.26) are obtained by solving equations (5.23-5.27) numerically using a seventh-eighth order continuous Runge–Kutta method
provided by the software package Maple.
First we study the effect of the exciton-SPPs and the results are plotted in Figure 5-4A and
5-4B for R=15nm. In Figure 5-4A the absorption coefficient is plotted as a function of energy
(eV). Here we have focused our investigation to the visible range. The solid curve corresponds
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Figure 5.4: Plot of the absorption coefficient of the QD as a function of energy for (a) when
the SPP of the first mode (n=0) resonants with the QD and (b) when the SPP from the second
mode (n=1) resonants with the QD. Solid curves correspond to the energies where both modes
of SPPs are not resonant with the QD.

to the case when exciton energies for transitions |ai ↔ |ci and |ai ↔ |bi are not resonant with
polariton energies (i.e. εab , ε sp and εac , ε pp ). While the dash curve represents the case when
the exciton transition |ai ↔ |bi is resonant with first mode SPP energies (i.e. n=0) and exciton
transition |ai ↔ |ci is not resonant with the second SPP energy (i.e. n=1). Note that the solid
curve has two peaks where the left peak is related to transition |ai ↔ |bi and the right peak
is related to transition |ai ↔ |ci. In this case the heights of both peaks are the same. This is
because the coupling between QD and the MGF is negligible since the exciton and polariton
energies are not in resonant.
Note that in the dashed curve in Figure 5-4a the left peak is higher than that of the right
peak. This is because the coupling between εab -exciton and the first SPP mode is strong since
the exciton and polariton energies are in resonance. However, there is no coupling between
εac -exciton and since the second SPP energy mode is not in resonance. In this case the first
SPP mode’s energy is transferred to the QD and the absorption peak is enhanced. The energy
transfer between QD and NAS can be controlled by mismatching the resonance condition be-
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Figure 5.5: Plot of the absorption coefficient of the QD as a function of energy for when both
modes of the SPPs resonant with the QD. The solid curve corresponds to when R, the centerto-center distance between components, is R = 15nm while the dashed curve corresponds to
R= 13.5nm.

tween QD exciton energy and SPP energy. One of the methods to achieve the mismatch is by
applying high intense ultrafast control laser field which will modify the energies of the exciton
and polaritons. This is an interesting finding which can be used to fabricate the switches and
sensors from the QD-NAS system in the visible range.
In Figure 5-4B we investigate the effect of the second mode exciton-SPP coupling on the
absorption coefficient. The absorption coefficient is plotted as a function of energy (eV). The
solid curve corresponds to the case when excitons and polaritons energies are not resonant (i.e.
εab , ε sp1 , εac , ε sp2 ) while the dash curve represents the case when exciton transition |ai ↔ |ci
is resonant with the second SPP energy mode and there is no coupling between εab -exciton and
the first SPP mode. In this case in the right peak, the dashed curve has a higher value than that
of the left peak. This is because the coupling between εac -exciton and the second SPP mode is
strong since their energies are resonant. Here the SPP energy is transferred to the QD and the
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right absorption peak is enhanced. Another thing to point out is that the scale of Figure 5-4B is
larger than that of Figure 5-4A. This means that the energy transfer from the second SPP mode
to the QD is larger than that of the first SPP mode.
Now we investigate the effect both exciton-SPP coupling modes while varying distance between the QD and NAS in Figure 5-5. The absorption coefficient is plotted as a function of
energy (eV) in Figure 5-5. The solid and dotted curves are plotted for R=15nm and R=13.5nm,
respectively when both exciton and polariton energies are in resonance. There are two enhanced peaks where the left peaks correspond to the first mode and the right represents the
second mode. The height of the right is higher than that of the left peak. This means energy
transfer from NAS’s second exciton-SPP coupling mode is larger than that of the first excitonSPP coupling mode. It is also found that the heights of both peaks increase as the R decreases.
This means the energy transfer increases between two systems when they are close to each
other.
Finally, we study the time development of the absorption coefficient with and without exciton coupling. Determining when the steady state occurs is important in calculating the density
matrix solutions. We have plotted the normalized absorption coefficient (α/α0 ) against normalized time (τ = γb t/2) in Figure 5-6A for the =2.27eV. Here the solid and dashed curves
correspond to the presence and absence of exciton coupling, respectively. Note that the absorption oscillates with time for both cases. Number of oscillations is the same for the cases but the
steady state is reached at a later time in the presence of the coupling. The height of the absorption amplitude is larger with the coupling than without the coupling. This is because there is
an energy transfer from the NAS to the QD. The oscillation in the absorptions are related to the
Rabi oscillations. This point has been made more clear by plotting the population of excited
states (ρbb + ρcc ) with the coupling (solid curve) and without the coupling (dashed curve) in
Figure 5-6B. The oscillations in the population are nothing but the Rabi oscillations. Note that
the population of the excited state oscillates with time and finally reaches the steady-state after
τ > 7.
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Figure 5.6: a) Plot of the normalized absorption coefficient (α/α0 ) as a function of normalized
time, τ = γb 2/2. b) Plot of the population as a function of normalized time, τ = γb 2/2.
The dashed curves and solid curves correspond to when the system is in resonance and nonresonance, respectively. Other parameters include R=15nm,  = 2.27eV

5.4

Conclusion

We have investigated the interaction between excitons in the QD with SPPs in NAS by calculating the absorption coefficient of the QD. The QD-NAS nanocomposite is deposited on the
dielectric substrate, Pyrex. Using the density matrix method, we have calculated the absorption
coefficient of the QD in the presence of exciton-SPPs coupling. It is found that when the exciton energies of the QD are not in resonance with the SPP energies the absorption spectrum has
two peaks in the visible range and both peaks have the same height. However, in the resonant
condition, heights of two absorption peaks are higher compared to that of the non-resonance
condition. This is due to the transfer of polarition energies from the NAS to the QD. In other
words, the energy transfer from the NAS to the QD can be switched ON and OFF by mismatching the resonant energies of excitons and polaritons. The mismatching of energies can be
achieved by applying an external pump laser or stress and strain fields. These are interesting
findings and they can be used to fabricate switches and sensors in the THz energy range.
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Chapter 6
Concluding Remarks
In this thesis, plasmonics and nanophotonics were studied in a variety of polaritonic nanohybrids. The nano-hybrids discussed in this thesis include quantum dot-metallic nanoparticle/graphene nanocomposites, quantum dot-metamaterial nanocomposites and quantum dotmetallic nanoparticles/metamaterial nanocomposites. Numerical calculations were performed
these three systems. Results presented the new nano-hybrids with novel optical properties that
exceeded the capabilities of the individual components. It is anticipated that these discoveries
presented in this thesis can be used to motivate future theoretical and experimental work on
nano-hybrids made with quantum dots, graphene, metallic nanoparticles, and metamaterials.
In chapter 3, photoluminescence quenching theory was developed for a quantum emitter,
metallic nanoparticle and graphene hybrid system. Using many body theory called the quantum
density matrix method and Maxwell’s equations in the quasi-static approximation we are able
to calculate the dipole-dipole interactions between the nanocomposites. Considering the quantum Golden rule, we calculate the radiative and nonradiative decay processes in the presence
of dipole-dipole interaction. Results show that photoluminescence quenching in our hybrids
occurs not only due the direct nonradiative energy transfer but also through the indirect nonradiative energy transfer process. It is found that the indirect nonradiative process in depends
on the distance between the nanocomponents. With our theory we are able to compare our
85
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theory with photoluminescence quenching in similar systems, and a good agreement is found
between the two. These are fascinating results which can be used to fabricate nanoswitches
and nanosenors for medical applications.
In chapter 4, we studied photoluminescence quenching in a nano-hybrid composed of quantum dots, metallic nanoparticles and split-ring metamaterials, incorporating external and local
fields. The density matrix method was used to develop theory for photoluminescence quenching in metamaterial hybrid structure. Using the second quantization Hamiltonian method we
are able to evaluate expression for the power emitted of the quantum dot, with three interacting dipole fields. When the dipole-dipole interaction fields resonant with the excitons in
the quantum dots a strong photoluminescence quenching was observed. As distances between
components decreases, photoluminescence quenching increased. Theoretical formulations of
photoluminescence can be easily interchanged to calculate the photoluminescence quenching
seen on the metallic nanoparticles or split-ring metamaterials. Finding from this chapter can
lead to new types of optoelectronic devices for nanosensing, and nanoswitching.
Lastly, we have investigated quantum dot absorption between the interactions of surface
plasmon polaritons from a gold nano-hole array structure with the excitons of a quantum dot.
We classify the gold nano-hole array structure as a metamaterial, deposited on Pyrex. We
have numerically calculated absorption spectrum by solving the density matrix method. Our
results show when resonant conditions are met, absorption peaks are enhanced compared to
non-resonant conditions. Energy is transfer from the metamaterial to the quantum dot. The
energy transfer from the metamaterial to the quantum dot can be switched ON and OFF by
mismatching the resonant energies of excitons and polaritons. These are interesting findings
and they can be used fabricate switches and sensors in the visible energy range.

Chapter 7
Future Work
In the prior chapter we summarized the thesis as a whole. Finally, we discuss further possible
work that can be implemented.
In Chapter 3, we developed a theory which studied energy transfer in hybrid nanosystem
made with quantum emitters, metallc nanoparticles and graphene. We considered the metallic
nanoparticles and the graphene to have surface plasmon polaritons which arise from the coupling of surface plasmons with a probe field. We solve classically the dispersion relation for the
surface plasmon polaritons. These polaritons interact with excitons in the quantum emitters via
exciton-SPP interaction, where energy is exchanged. The second quantized formulation and
the quantum density matrix method were used to calculate the photoluminescence. With this
core based theory, our next possible step in this chapter would be to develop a full quantum
theory approach. In the chapter we used the classical-quantum approach were the dispersion
relation of surface plasmon polaritons was done classically and incorporated into the second
quantized formulation and the quantum density matrix method. Hence, evolving the classical
dispersion relations to quantum relations can be a future step.
In Chapter 4, photoluminescence quenching was studied for quantum dots doped in metallic nanoparticle and split-ring metamaterial hybrid system. With this theory we included local
fields. Results showed photoluminescence was quenched as distances reduced between seg87

88

Chapter 7. Future Work

ments. This occurs only when exciton transition energies are resonant with surface plasmon
polaritons energies. Similarly to Chapter 3, a full quantum theory can be established. Other
future possibility would be to further explore the effect local fields has on photoluminescence
quenching.
In the final content chapter, light-matter interaction in quantum dots and metamaterial was
investigated. We use the density matrix method to solve absorption coefficient of the quantum
dot in the presence of the exciton-SPP coupling. Again we have taken the classical approach
when solving the dispersion relation of the surface plasmon polaritons, and a full quantum
theory could be derived. Lastly another future path would be to study the phonon contribution
to the system. It is known that phonon can produce phonon polaritons [1]. Thus, the inclusion
of these phonon polaritons might provide some interesting results.
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